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ABSTRACT 
Abstract of a thesis submitted in partial fulfilment of the requirements 
for the Degree of Doctor of Philosophy 
LANDSCAPE DISTURBANCE HISTORY IN WESTLAND, NEW ZEALAND: 
THE IMPORTANCE OF INFREQUENT EARTHQUAKES ALONG THE 
ALPINE FAULT 
by Andrew Wells 
This thesis investigates landscape disturbance history in Westland since 1350 AD. 
Specifically, I test the hypothesis that large-magnitude regional episodes of natural 
disturbance have periodically devastated portions of the landscape and forest, and that 
these were caused by infrequent earthquakes along the Alpine Fault. 
ii 
Forest stand history reconstruction was used to determine the timing and extent of erosion 
and sedimentation events that initiated new forest cohorts in a 1412 ha study area in the 
Karangarua River catchment, south Westland. Over 85 % of the study area was disturbed 
sufficiently by erosion/sedimentation since 1350 AD to initiate new forest cohorts. During 
this time four episodes of catchment-wide disturbance impacted the study area, and these 
took place about 1825 AD ± 5 years (Ruera episode), 1715 AD ± 5 years (Sparkling 
episode), 1615 AD ± 5 years (McTaggart episode), and 1445 AD ± 15 years (Junction 
episode). The three most recent episodes disturbed 10 %, 35-40 % and 32-50 % 
respectively of the study area. The Junction episode disturbed at least 6 % of the study area, 
but elimination of evidence by more recent disturbances prevented an upper limit being 
defined. 
The three earliest episodes correspond to the date-ranges for three Alpine Fault earthquakes 
from geological data, and are the only episodes of disturbance within each date-range. An 
earthquake cause is also consistent with features of the disturbance record: large portions of 
the study area were disturbed, disturbance occurred on all types 'of landforms, and terrace 
surfaces were abandoned upstream of the Alpine Fault. On this basis erosion/ 
sedimentation induced by Alpine Fault earthquakes has disturbed 14-20 % of the land 
'-. 
surface in the study area per century. Stonns and other non-seismic erosional processes 
have disturbed 3-4 % per century. 
iii 
To examine the importance of the Alpine Fault earthquakes to forest disturbance 
throughout Westland, I collated all available data on conifer stand age structures in the 
region and identified dates of disturbance events from 55 even-aged cohorts of trees. Three 
region-wide episodes of forest disturbance since 1350 AD were found in this sample, and 
these matched the three Alpine Fault earthquake-caused episodes found in the Karangarua. 
Forest disturbance at these times was widespread across Westland over at least 200 km 
from Paring a to Hokitika, and originated from both tree fall and erosion processes. This 
disturbance history can explain the long-observed regional conifer forest pattern in 
Westland, of a predominance of similar-sized stands of trees and a relative lack of small-
sized (young) stands. The many similar-sized stands are a consequence of synchronous 
forest disturbance and re-establishment accompanying the infrequent Alpine Fault 
earthquakes, while the dominance of mature stands of trees and relative lack of young 
small-sized trees in stands is explained by the long lapsed time since the last Alpine Fault 
earthquake (c. 280 years). 
I applied the landscape disturbance history infonnation to the existing geological data to 
reconstruct the paleoseismicity of the Alpine Fault since 1350 AD. Best estimates for the 
timing of the most recent three rupture events from these data are 1715 AD ± 5 years, 1615 
AD ± 5 years and 1445 AD ± 15 years. Earthquake recurrence intervals were variable, 
ranging from about 100 years to at least 280 years (the lapsed time since the last event). All 
three events caused forest and geomorphic disturbance over at least a 200 km section of 
Fault between the Karangarua and Hokitika Rivers, and were probably single rupture 
events. Suppressions in cross dated tree-ring chronologies in the western South Island 
suggest that the last rupture occurred in 1717 AD, and extended as a single rupture from 
Haupiri to Fiordland, a distance along the Fault of 375 km. 
Keywords: forest disturbance, Alpine Fault, erosion history, earthquakes, cohort, terraces, 
Westland, conifer forest, tree-rings, paleoseismicity. 
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GENERAL INTRODUCTION 
Natural disturbance events are critical factors that determine forest and land surface 
patterns in landscapes (Pickett & White 1985). Landscape development is greatly 
influenced by the history of these events across a region, such that the present landscape 
pattern often comprises a mosaic of land surfaces and forest stands reflecting past 
disturbance events (eg Butler 1982; Whitmore 1982; Runkle 1985). Recent models of 
forest dynamics and landscape erosion recognise this, and include periodic natural 
disturbance as an integral component of the system (eg Drury & Nisbet 1971; Schumm 
1979; Butler 1982; Pickett et al. 1987). 
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The central role of disturbances in structuring forest and land surfaces at the scale of 
individual stands or landforms has been demonstrated in many studies in New Zealand and 
overseas. Disturbance to forest creates new establishment opportunities for canopy trees, 
and the nature of the disturbance openings determines the resultant forest stand structure 
and composition (eg, Stewart & Rose 1989; Veblen et al. 1992; Duncan 1993; Abrams & 
Orwig 1996). Geomorphic studies have also documented the impact of large disturbance 
events such as landslides and river aggradations on landform structure and development 
(Keefer 1984; Basher 1986; Pearce & O'Loughlin 1985; Wright 1996). These studies have 
identified the processes and consequences for vegetation and land surfaces of disturbances 
of different kind and intensity. 
However, studies that examine disturbance impact at a regional scale over long time 
periods are required if an understanding of the role of disturbance in landscape-level 
vegetation and land surface development is to be gained. Of particular importance are the 
temporal and spatial patterns of erosion and forest disturbance events, termed the 
disturbance regime (Runkle 1985). Regional studies require that post-disturbance surfaces 
and forest cohorts are identified and their dates of formation determined, which provides 
the basis for inferences on their ecological significance for the landscape. A knowledge of 
these patterns of disturbance in the past is vital if we are to understand the functioning of 
an ecosystem and be able to explain the forest and land surface mosaics preserved today. 
This is because the severity and frequency of major disturbances at a regional scale will 
detennine key ecosystem factors such as surface ages and residence times, and forest 
structure and composition (Wright & Mella 1963; Butler 1982; Glitzenstein et al. 1986; 
Hansson 1992). 
2 
Detailed long-term reconstructions of disturbance history are particularly critical in 
landscapes where rare extreme events are likely to be important agents of disturbance. In 
some landscapes these infrequent but high-magnitude disturbances may play the dominant 
role in forest and erosion history, outweighing the more frequent but smaller-scale events 
that occur in between. Examples include large earthquakes (Veblen & Ashton 1978; 
Adams 1980b; Pearce & Watson 1986; Keefer 1984), catastrophic fire (Heinselman 1973; 
Clark 1990; Moritz 1997), and periods of increased stonniness (Grant 1985). These 
episodic disturbances can occur frequently enough to maintain large areas of a landscape in 
young stages of forest and soil development (eg Wright & Mella 1963; Garwood et al. 
1979). Reconstructions of prehistoric events are critical in these landscapes, as the 
historical occurrence of disturbance events is unlikely to give a true picture of the 
disturbance regime at a time-scale appropriate to the landscape and forest (eg Moritz 1997). 
There are several overseas studies of landscape-level disturbance regimes that have found 
large rare events to play the key role in structuring forest and landscape. In south-central 
Chile devastating earthquakes have caused massive landsliding, aggradation and forest 
toppling several times over the last 700 years. These have maintained large portions of the 
landscape in young surfaces and simple even-aged forest stands (Wright & Mella 1963; 
Veblen & Ashton 1978; Kitzberger et al. 1995). Similar scenarios have been suggested for 
other seismically-active regions of the world (Garwood et al. 1979; Keefer 1984), including 
the western South Island of New Zealand (Veblen & Stewart 1982a; Adams 1980b). 
Studies in North America have also noted episodes of widespread fires over the last few 
centuries that have left their mark in the present forest age structure and composition 
(Moritz 1997). 
Studies of forest and land surface modification in the past also provide an important 
indirect record of prehistoric severe climatic and geological events. Forest and erosion 
information has often been used to provide chronologies of hazards such as severe storms, 
3 
earthquakes and fires in a region (Begin & Filion 1988; Veblen et al. 1994; Wiles et al. 
1996). Advances in paleoseismicity, for example, have been made using indirect indicators 
from the landscape such as landslides, rock avalanches and tree damage (Filion et al. 1991; 
Jacoby et al. 1992; McCalpin 1996). Application of dendroecology (Fritts & Swetnam 
1989) and tree-ring analysis have been especially successful in dating earthquakes and 
reconstructing rupture lengths (Sheppard & Jacoby 1989; Kitzberger et al. 1995; Jacoby et 
al. 1997). 
In Westland, New Zealand, the landscape has been subjected to a long history of major 
disturbance to land surfaces and forest vegetation. High rainfall (up to 11 m), steep 
topography, weak schist rock masses and the presence of a large fault line (the Alpine 
Fault) running the length of the region predispose Westland to periodic catastrophic events 
(Whitehouse 1988; Tonkin & Basher 1990). Past large earthquakes along the Alpine Fault 
have been speculated to cause regional disturbance episodes every few centuries (Adams 
1980a; Bull 1996; Yetton 1998), but there have been no studies of the landscape that have 
conclusively demonstrated this. 
This study set out to examine the disturbance regime in the Westland region, with 
particular emphasis on testing the idea that large regional disturbance episodes have 
periodically devastated the landscape and dominated the disturbance history, and that these 
were caused by large Alpine Fault earthquakes. This required the reconstruction of 
disturbance history at both a catchment and region-wide scale, as well as reconstruction of 
the timing and extent of past large Alpine Fault ruptures. 
4 
A review of disturbance history information in Westland 
The region of Westland, New Zealand, has clear evidence of a history of disturbance events 
that have impacted the forest and landscape. This is shown by the many even-sized forest 
stands, young terrace sequences, landslide deposits and floodplains across the landscape 
(Stewart & Veblen 1982; Whitehouse 1988). The region is characterised by very steep 
topography and high rainfall, and for these reasons alone disturbance events from storm-
induced slips and flooding could be expected in the absence of any other disturbance agents 
such as earthquakes. 
In the last twenty years many studies have investigated prehistoric disturbance events and 
landscape damage in the region. These have examined disturbance preserved in the forest, 
as well as directly identifying and dating mass movements and erosion events using 
geomorphic techniques. Recent studies have also used direct geological analysis of the 
Alpine Fault trace to recognise and date past ruptures of the Fault. The evidence for 
disturbance from each of these three lines of investigation is summarised here. 
(i) Evidence for disturbance in the forest pattern: 
Early observers in Westland noted the wide distribution of stands of similar-sized trees and 
speculated on their formation. The first scientists to study Westland's lowland rimu 
(Dacrydium cupressinum) forests proposed that their even-sized structure was a 
consequence of even-aged development of trees established in tree-fall openings 
(Hutchinson 1932). More recently, studies of forest age structure in Westland have verified 
that many of these even-sized stands are even-aged (Norton 1983; Stewart & Rose 1989; 
Duncan 1993; Cornere 1992; Rogers 1995), and it is now widely recognised that many 
forests of long-lived trees consist of a mosaic of relatively even-aged patches or cohorts of 
trees that have established in openings formed by natural disturbances such as windstorms 
or landslides (Veblen & Stewart 1982a; Veblen et al. 1992, 1994). 
Early observers also noted that there was a dominance of mature stands of large trees and a 
lack of small to intermediate sized trees across the region, particularly among the conifer 
species (Cockayne 1928). This apparent gap in the size distribution of some species led 
several authors to speculate that there had been a failure in tree regeneration in the past, 
resulting in a 'regeneration gap' for coniferous species in the region (Holloway 1954; 
Wardle 1963). Explanations for past regeneration failure here included climatic cooling, 
decreased precipitation, and an increase in the frequency and severity of droughts 
(McKelvey 1953; Nicholls 1956; Grant 1963; Wardle 1963). 
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The more recent observation that most New Zealand conifers regenerate in relatively even-
aged cohorts following disturbance can explain the lack of small to intermediate sized trees 
in individual mature stands (Veblen & Stewart 1982a). However, it does not explain why 
there appears to be a regional over-abundance of mature cohorts of trees in Westland (eg, 
Wardle 1974). For disturbance to explain this regional pattern would require periods in the 
past during which cohort-initiating disturbances were more frequent than during recent 
times. That is, it would require major disturbances initiating a regionally-synchronous 
pulse of tree regeneration followed by long periods of only localised disturbance and 
associated regeneration. 
This idea was in fact initially speculated by Charlie Douglas, the first European to explore 
and describe the valleys of south Westland. During the 1890's he spent months wandering 
the wild valleys between the Whataroa and Arawata Rivers, and his diaries record many 
perceptive and fascinating accounts of the geology and botany of the region. In regard to 
disturbance, he noted the abundance of old landslides in the middle reaches of many 
valleys, and observed that many appeared to contain mature even-sized stands of trees. 
From this he suggested that there had been times in the past during which major landsliding 
and forest destruction on a scale not seen for many years had occurred. He ascribed this to a 
large earthquake which most likely occurred during a very wet period. 
There has thus been speculation for over a century that large infrequent events (most 
probably earthquakes) have caused massive forest damage on a scale far exceeding the 
impacts from the regular storms in the region. Scientists have now also noted the numerous 
even-sized ratalkamahi (Metrosideros umbellatalWeinmannia racemosa) stands that occur 
on old landslides along the front-ranges of the Southern Alps in Westland, and postulated 
an origin from an earthquake along the Alpine Fault (Chevasse 1955; Wardle 1978; 
Stewart & Veblen 1982). These stands are prominent over a 220 km stretch of Westland 
from the Haupiri to Mahitahi Rivers (Rose et al. 1992). Large earthquakes have also been 
proposed as a possible explanation for even-aged stands of mountain cedar (Libocedrus 
bidwillii) on landslides (Veblen & Stewart 1982a; Norton 1983; Stewart & Rose 1989), 
kahikatea (Dacrycarpus dacrydioides) on floodplains (Duncan 1993), and rimu on old 
moraines and terraces (Rogers 1995; Stewart et al. 1998). Recent studies of forest age 
structures have recorded stands of trees in several locations throughout Westland that are 
about 250 and 500 years old (Cornere 1992; Duncan 1993; Rogers 1995; Stewart et al. 
1998), and Stewart et al. (1998) speculated that this may be a consequence of large Alpine 
Fault earthquakes at about these times. 
(ii) Evidence from geomorphic features and erosion / sedimentation studies: 
6 
Information on landscape disturbance and erosion history in Westland from geomorphic 
studies is more limited than the forest data. Adams (1980b) proposed that infrequent 
Alpine Fault earthquakes played a key role in his modelling of erosion of the Southern 
Alps in Westland. General models of soil and landform development for the region have 
emphasised the importance of Alpine Fault earthquakes and frequent high-magnitude 
storms (Whitehouse 1988; Tonkin & Basher 1990). Several studies have dated mass 
movements and aggradation terraces in the region, and postulated that they were formed by 
large earthquakes on the Alpine Fault (eg, Basher 1986; Wright 1996; Smith & Lee 1984; 
Wardle 1980b). Two studies have also combined ages of up to 19 14C-dated features from 
the region and inferred earthquakes where two or more ages broadly clustered (Adams 
1980a; Yetton 1998). Adams (1980a) inferred the last earthquake was about 550 years ago 
with three previous events at about 500 year intervals, while Yetton (1998) inferred three 
events in the last 600 years. However, the small sample sizes and difficulties in interpreting 
synchrony of formation of features (due to the large dating errors) make their conclusions 
uncertain. 
Regionally-extensive rockfall events in the eastern Southern Alps, dated using 
lichenometry, have also been used to infer large earthquakes on the Alpine Fault in 
Westland (Bull 1996). Rockfall events about 250,500, 750 and 1000 years ago were 
attributed to Alpine Fault events. However all sample sites were over 20 km from the 
Alpine Fault, and in areas prone to large earthquakes on other, closer faults. The 
chronology therefore requires testing with information from Westland. 
7 
Storm-induced episodes of erosion and sedimentation have also been proposed to have 
impacted Westland over the last 1800 years. Grant (1985) has identified 8 major periods of 
erosion and sedimentation in the North Island that were probably caused by increased 
storminess, and he suggested that these episodes were also experienced in Westland. 
However the extension of this history into Westland was based on just five dated surfaces 
from the region, and must therefore be regarded as tentative. 
(iii) Direct geological evidence for Alpine Fault ruptures: 
Recent geological analyses of the Alpine Fault scarp have provided the first direct evidence 
for ruptures of the Fault in the last 500 years (Cooper & Norris 1990;Yetton 1998). Fault 
trenches at five locations between the Hokitika and Ahaura Rivers in north Westland 
identified two ruptures since about 1500 AD on this section of the Fault (Yetton 1998), 
dating from 1480-1645 AD and post 1665 AD. However the broad 14C dates for the events 
make it difficult to infer synchrony of ruptures between sites, and no information is yet 
available for areas south of Hokitika. 
In Fiordland the last rupture occurred about 1650-1725 AD (Cooper & Norris 1990). This 
was inferred from the combined evidence from sedimentation in sag ponds by the fault 
trace and age estimates of broken beech (Nothofagus) trees near the Fault likely to have 
been damaged by seismic shaking. 
Background To This Study 
The combined information summarised for Westland provides clear evidence for a history 
of major disturbance in the region over the past few centuries. Observations and limited 
age information also suggest that there may have been episodes in the past of catastrophic 
region-wide disturbance, and Alpine Fault earthquakes are a likely cause for these. 
However beyond this no clear conclusions can be made regarding features of the 
disturbance regime such as return intervals of major episodes, causes of disturbance, areas 
impacted, timing of episodes, or extent across the region. 
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This uncertainty reflects limitations in the present information on disturbance history in 
Westland. First, very few forest stands or landslide/ aggradation events have been dated in 
the region. For example Adam's (1980a) data set comprised just ten 14C dates, and Grant's 
(1985) just five dates from Westland. Most forest studies have also investigated fewer than 
five stands at a location (eg Duncan 1993; Rogers 1995; Stewart et al. 1998). This makes 
any proposed chronology of events rather speculative, and may lead to biased 
interpretations or undetected disturbance episodes. This may account for the disagreement 
in disturbance dates between studies. Second, the few dates for forest and erosion 
disturbance events are from widely-dispersed locations throughout Westland. Disturbance 
reconstruction at anyone site has been incomplete and limited to a few forest stands (eg 
Duncan 1991; Cornere 1992) or 14C-dated features (Basher 1986). This may lead to biased 
results, and the relative importance of different events can not be determined. 
Third, all erosion history studies have relied on 14C dating, which provides poor age 
resolution. This makes it difficult to assess synchrony of events or to relate events to 
specific earthquakes or storms (eg Yetton 1998). Furthermore these studies have been able 
to date only major events that leave an obvious mark in the landscape and that contain 
buried organic material (e.g., terraces, large landslides). The smaller-scale impacts of 
erosion (which still cause damage to forest and soil) have not been recognised or dated, 
even though these impacts may be just as important overall to landscape and forest 
development. These impacts include stream overbank deposition, erosion from hillslopes 
and siltation of surfaces below. Fourth, direct evidence for Alpine Fault earthquake events 
is available from only a very few sites and inferences regarding timing and extent of past 
rupture events are consequently very limited. There has been no study in the area between 
Hokitika and Haast, yet this is the region with the clearest indirect landscape evidence for 
past catastrophic disturbances likely to be linked to Alpine Fault earthquakes. 
To resolve these problems and clearly establish the disturbance regime in Westland, a 
detailed study of erosion and forest disturbance history in an area of the landscape is 
required, that incorporates and builds upon the existing information from forest stands, 
erosion events, and geological studies. In order to be successful, this study would require 
several attributes that have not yet been applied in a single study in Westland. Specifically 
these are: 
1. A defined study area in Westland, to enable quantitative reconstructions and 
comparisons of disturbance timing and extent. 
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2. A detailed reconstruction of the history of both erosion- and forest-disturbance events, in 
which major and small-scale events are identified and dated. 
3. The application of techniques for dating erosion/sedimentation events that have greater 
accuracy than 14C, and that can also date small-scale events where no 14C-dateable inaterial 
is preserved. Specifically, tree age and dendrochronologic records, which provide a major 
advance over 14C in terms of spatial and temporal resolution for dating and interpreting 
events, need to be appied. 
4. The ability to distinguish between earthquake- versus storm-induced disturbance 
episodes. This requires a close comparison between direct geological evidence for 
earthquakes and indirect geomorphic/forest indicators, such as successive uplifted terraces 
and region-wide disturbance episodes. 
The basic technique used in this study to fulfil these attributes is detailed forest stand 
history reconstruction in a well-defined study area. This methodology enables clear 
identification and dating of all disturbances severe enough to initiate new cohorts of trees. 
Relatively small erosion events can therefore be detected, and dated with good accuracy. 
Because stand history reconstruction is a crucial aspect of this study, the basis of using 
forest to determine disturbance history is outlined here. 
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Review of forest response to disturbance events 
For light-demanding tree species, including most New Zealand conifers and the beech 
species, the opportunities for successful establishment are restricted to a relatively short 
period immediately after a disturbance event. This frequently results in the development of 
patches of approximately even-aged cohorts of trees in disturbed areas (Ogden 1985). The 
incidence and distribution of past disturbance events can therefore be inferred from a 
sudden peak in the age-class distribution of trees in an individual stand, corresponding to a 
disturbance-initiated cohort or pulse in tree regeneration (Lorimer 1985; Duncan & Stewart 
1991). The date of the disturbance event can also be approximately estimated from the age 
of the oldest trees in a cohort. This methodology can be used to date disturbance events in 
individual stands (Duncan & Stewart 1991), and when data from several stands in the same 
area are combined, can be used to reconstruct the disturbance history of a larger region (eg., 
Heinselman 1973; Hemstrom & Franklin 1982; Foster 1988). Because forest disturbance is 
caused by tree-fall and standing mortality as well as by erosion! sedimentation events, 
independent evidence is required to distinguish disturbance from erosional versus non-
erosional processes. 
The post-disturbance stand age structures vary depending on the scale, type and intensity of 
disturbance. Although the scale of disturbance varies along a continuum, regeneration 
responses can be grouped into the very broad categories of catastrophic, gap-phase and 
continuous (Veblen & Stewart 1982a; Veblen 1992). Catastrophic regeneration refers to 
the establishment of most of a population during a short time in large openings formed by 
infrequent extensive disturbances (eg flooding, mass movement or windfall). These large 
intense events result in a unimodal stand age distribution, dominated by a single cohort. 
Gap-phase regeneration refers to regeneration in smaller gaps « 1000 m2), such as those 
resulting from death of one to several trees. Forest stands impacted in this way may contain 
several modes or pulses of tree recruitment, each reflecting a disturbance. Continuous 
regeneration refers to the attainment of maturity of trees in the absence of a disturbance-
caused canopy opening. In this case no clear modes may be present in the age structure and 
an all-aged stand will develop. 
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The forest record provides the best means of reconstructing erosion history in a forested 
landscape such as Westland. All sedimentation (erosion, transport, deposition) events of 
sufficient impact to kill at least two or three trees and initiate gap-phase regeneration will 
be detectable. The stand history reconstruction also provides greater detail and confidence 
in identifying and dating erosion events than the simple minimum surface ages (based on 
the oldest tree) which are commonly used by geomorphologists (Wiles et al. 1996). This 
method allows mUltiple sedimentation events on one landform to be distinguished, and 
their extent estimated. Where only one event has affected a surface, the supporting 
evidence from the even-aged stand structure provides confidence that the oldest tree does 
date from near the time of disturbance and surface formation. 
Study Objectives 
The existing information in Westland suggests that a history of rare, catastrophic 
disturbance events is likely. The basic aim of this study was therefore to examine landscape 
disturbance history to see if occasional episodes of massive disturbance have dominated in 
Westland over the last few centuries, and if so how extensive they have been across the 
region, and what agents (storm or earthquake) caused them. Specifically, I wanted to test 
four long-proposed, yet unsubstantiated, hypotheses regarding the forest and landscape 
history. These are: 
1. Many forest stands and land surfaces in the region are about the same age, because of a 
history of periodic major disturbances that have synchronously destroyed large areas of 
forest and initiated massive tree re-establishment. 
2. There is a relative lack of young stands of trees in the region, and this is because the last 
major regional episode of disturbance was a long time ago (at least two centuries). 
3. The periodic disturbance episodes were caused by large, infrequent earthquakes on the 
Alpine Fault. These earthquakes impacted most of Westland, resulting in a common forest 
and landscape history across the region. Major damage was caused from at least Mahitahi 
to Haupiri Rivers, based on the extent of prominent even-aged stands along the front 
ranges. 
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4. Alpine Fault earthquakes have been the major contributor to erosion events and 
landform! vegetation modification in the region, and have exerted a greater influence than 
non-seismic agents of change. 
As a first step in this investigation, I summarised all the available information on forest 
stand size and age structures in Westland (Wells et al. 1998). A copy of the review paper is 
included in the back of this thesis. This review aimed to establish if there was an 
indication in the quantitative forest data for periods of increased forest establishment and 
disturbance across the region. The review provided evidence for at least two periods in the 
last 650 years of greatly increased initiation of forest stands across the region, which I 
interpreted to reflect periods of greatly increased natural disturbance. These occurred about 
250-350 and 550-600 years ago. These dates closely coincide with estimates of the timing 
of two of the last three Alpine Fault earthquakes inferred by Yetton (1998), and less closely 
coincide with inferred nationwide periods of increased storminess (Grant 1985). The 
findings of this review provide a basis to pursue the further detailed study in Westland 
contained in this thesis. 
The rest of this study is divided into three major sections. Each deals with a separate set of 
objectives, but all share the common theme of exploring the disturbance history in 
Westland over the last 650 years. Section 1 reconstructs the history of erosion and forest 
disturbance in detail in portions of a single catchment in south Westland (Karangarua 
catchment). This reveals a history of four large disturbance episodes since 1400 AD, three 
of which can be linked to earthquakes on the Alpine Fault. This establishes a history of 
catastrophic events in the past, at least in this catchment, and provides the basis for the 
investigations in the other two Sections. Section 2 then examines the applicability of this 
history across the forests of the Westland region, to investigate if the large Alpine Fault 
events have also prevailed over the forests of the wider region. This analysis suggests that 
the Alpine Fault events have dominated forest history over south and central Westland 
during the past 650 years at least. In Section 3, the forest and erosion record from the 
Karangarua catchment and scattered sites in Westland is then applied to reconstruct the 
paleo seismicity of the central Alpine Fault over the last 650 years. The forest establishment 
and tree-ring data allow major advances in understanding the Fault's behaviour over this 
time. 
The key objectives of the study and questions addressed are presented more fully below. 
Section 1. To reconstruct in detail the temporal and spatial patterns of erosion and 
sedimentation events and related forest disturbance within a defined study area in a 
catchment in Westland, for the last 650 years. 
Key questions addressed are: 
Is the disturbance regime dominated by infrequent high-magnitude episodes of damage? 
When have episodes of major catchment disturbance occurred? 
How widespread were the impacts in the catchment? 
What caused the episodes? 
What were the main types of land surface disturbance? 
How important have earthquakes been compared with storms as erosive and forest-
disturbance agents? 
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What does this history imply for erosional processes and forest development at a catchment 
level? 
Section 2. To assess the applicability of the detailed catchment disturbance history across 
the wider Westland region, by comparing it with datafromforest stands and erosion events 
throughout Westland. 
Key questions addressed are: 
Does the disturbance regime appear to differ across Westland? 
Do episodes impact a large area of Westland synchronously, or are they restricted to one or 
two catchments? 
Does a similar disturbance history apply to forest on more stable landforms (where tree-fall 
and standing mortality are the dominant disturbance agents) as on landforms impacted by 
erosional processes? 
Do Alpine Fault earthquakes dominate in determining regional forest structure in 
Westland? 
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Section 3. To reconstruct the paleoseismicity o/the Alpine Fault in central Westland over 
the last 650 years, using the combined/orest, erosion and geological data. 
Key questions addressed are: 
When did earthquakes occur? 
How extensive were the ruptures along the Fault? 
What were the recurrence intervals for past large earthquakes? 
How useful are ecological and tree-ring studies to paleoseismic reconstructions in 
Westland? 
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SECTION ONE. 
FOREST DISTURBANCE AND EROSION mSTORY IN THE KARANGARUA 
CATCHMENT, SOUTH WESTLAND, SINCE 1350 AD. 
INTRODUCTION 
The Westland region has clear observational evidence for a history of disturbance events 
which have impacted the forest and landscape over recent centuries. There is also strong 
indirect support for the notion that rare earthquakes along the Alpine Fault have caused 
episodes of massive disturbance over large expanses of Westland. 
This information from studies of forest structure and erosion in Westland was summarised 
in the General Introduction. An initial review of the forest stand size and age structure 
information from the region has detected two episodes of peak stand initiation following 
disturbance events, during which forest all over Westland from many species and on many 
landforms was disturbed (Wells et al. 1998). These episodes appeared to closely coincide 
with dates of two of the last three Alpine Fault earthquakes, and less closely with periods 
of increased storminess proposed for New Zealand. Geomorphic studies of isolated mass 
movements and terraces have also been carried out, and several dates appear to cluster 
across the region (Adams 1980a; Yetton 1998). 
However, the available data fail to reveal a consistent, clear picture of disturbance history 
for the region. This is due to limitations in the availability and accuracy of data, and a lack 
of detailed study at a single location. In order to understand the forces that have structured 
forests and landscapes at a regional level, it is necessary to first have a clear understanding 
of the history and disturbance regime within a single local area of the region. 
This section aims to test the hypothesis that large-scale but infrequent episodes of 
disturbance have played a key role in erosion and forest disturbance regime in the 
Karangarua catchment. A number of questions are examined in doing this: 
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* Is the disturbance regime dominated by infrequent high-magnitude episodes of damage? 
* When have episodes of major catchment disturbance occurred? 
* How widespread were the impacts in the catchment? 
* What were the main types of land surface disturbance? 
* What caused the episodes? 
* How important have earthquakes been compared with storms as erosive and forest-
disturbance agents? 
* What does this history imply for erosional processes and forest development at a 
catchment level? 
These questions are addressed based on a detailed reconstruction of the history of forest 
disturbance events caused by erosional processes in two defined areas of the Karangarua 
catchment in south Westland. Forest stand history analysis is used in combination with 
direct evidence for site disturbance to reconstruct the extent and timing of disturbance 
events over the last 650 years. This indicates that four main episodes of catchment-wide 
erosion! sedimentation and forest disturbance have impacted the catchment in this time. 
Tree-ring growth patterns are then used to refine the dates of these episodes. This history is 
compared with direct evidence for Alpine Fault earthquakes and with other suggested 
disturbance agents. 
In this study I examine forest disturbance resulting from erosional processes only. I do not 
consider disturbance history on old surfaces that lacked evidence of surface modification 
by erosion! sedimentation in the last 650 years, where tree-fall or standing mortality were 
the disturbance processes. This is because erosional processes are very dominant in the 
steep valleys of Westland, and disturbance episodes will therefore be most clearly recorded 
in the erosional and depositional record. Also, it is more difficult to reconstruct tree-fall 
disturbance history over a large area. Boundaries between tree-fall events are not usually 
visually apparent, so many tree ages are required to confidently assess areas impacted. The 
history of erosion! sedimentation in the catchment is compared with the history of tree-fall 
inferred from widely-scattered sites in Westland in Section 2. 
METHODS 
The Study Area 
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The Karangarua catchment is located in south Westland on the western side of the 
Southern Alps, and is the first major river valley south of the Fox and Cook Rivers (figure 
1.1). Three main tributaries (the Copland, Douglas and Karangarua Rivers) make up the 
larger Karangarua River. The catchment drains a stretch of over 20 km of the Main Divide 
of the Southern Alps, and includes many glaciated peaks over 2000 m high. The highest 
points in the catchment are Mt Sefton (3151 m) and La Perouse (3078 m). Tree line varies 
depending on species composition and avalanche proneness, but is generally between about 
800 and 1200 m. 
Precipitation is frequent and heavy throughout the year but especially in spring. Mean 
annual rainfall at Fox (25 km north of Karangarua) is 4540 mm (New Zealand 
Meteorological Service 1983). However a steep rainfall gradient is present across the 
catchment, and rainfall is likely to vary from about 3500 mm at the coast to over 10 000 
mm in the ranges (Griffiths & McSaveney 1983). Above 1200 m, winter snow may lie for 
several months of the year. 
The topography of the catchment is typical of all large valleys in the region. West of the 
Alpine Fault a broad piedmont floodplain extends to the Tasman Sea, while to the east the 
Southern Alps rise abruptly above the lowlands. The upper and central reaches of the main 
tributaries have narrow, boulder-choked river beds surrounded by steep-sided valleys on 
coarse colluvial deposits dominated by stands of rimulkamahilrata forest. Occasionally the 
rivers open onto broad flats formed by ancient landslide-dams or natural hollows (for 
example Welcome Flat, Cassell Flat), before returning to the confines of steep, narrow 
channels. 
The lower reaches of the Karangarua River, from the Copland confluence to the main road, 
are vastly different. Here the river leaves the confines of the narrow valley and occupies a 
broad, gentle course between the ranges with well-preserved flights of fluvial terraces. 
Downstream of the Alpine Fault the river leaves the ranges and enters an extensive 
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Figure 1.1. Map of the Karangarua River catchment in south Westland. The boundary of the 
catchment is indicated by the dashed black line. The two sites selected for detailed study 
(Welcome Flat and Lower Karangarua study sites) are marked. The lower map shows the 
location of the Karangarua catchment in the South Island. 
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floodplain surface which occupies the low-lying area out to the Tasman Sea. 
Because of the size of the catchment, I selected two sub-sites for detailed study of forest 
and erosion/ sedimentation history (see figure 1.1). These were at Welcome Flat 
("Welcome Flat study site") and the lower Karangarua valley from McTaggart Ck to the 
road ("lower Karangarua study site"). The sites were selected for several reasons. First, I 
wanted to have sites in both the upper and lower catchment. The upper reaches are more 
active geomorphic ally , and it was possible that disturbance regime and history could differ 
between the upper and lower valleys. Second, forests at the sites are dominated by tree 
species able to be aged from core samples, that live a long time, and that regenerate after 
disturbances. Third, the sites are likely to have preserved a record of erosion/sedimentation 
events over recent centuries because they have steep hillsides that exit onto broad flats and 
wide depositional surfaces. This is unlike much of the catchment, which is too steep and 
narrow to allow preservation of all but the most recent major disturbance event. Fourth, the 
sites have easy foot access, and bridges that allowed access to both sides of the river even 
during prolonged periods of high river flows. 
The two sites selected for detailed study are described below. Land surface types and forest 
descriptions were determined from aerial photographs and extensive ground exploration. 
1) The Welcome Flat study site: 
Welcome Flat is in the middle reaches of the Copland River valley at an altitude of 450 m, 
and is the only extensive area of flat ground in this valley. It is surrounded by peaks up to 
2200 m high, most notably the jagged rock faces of the Sierra Range on the southern side. 
Mean annual rainfall at the Flat is likely to be about 8000 mm, based on measurements 
from similar sites in other Westland valleys (Griffiths & McSaveney 1983). 
The study site extends 5 km along the Flat, from Shiels Ck to Bluewater Stream. The upper 
limit of the study site is 700 m; above this forest cover is usually absent (due to rock faces) 
or seral (due to frequent avalanches and flooding). The study site occupies a total of 625 
ha. Figure 1.2 shows two views of the study site and surrounding landscape of the Copland 
Valley. 
(a) 
Figure 1.2. Two views of the Welcome Flat study site. Photograph (a) was taken from the top of 
surface DF3 (see figure 1.3a), and looks east over river terraces and up the Copland River. 
Photograph (b) was taken from surface DF7 (see figure 1.3a), and looks south across the Copland 
River to Splinter Creek and the jagged Sierra Range. 
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Eight clearly-defined land surface types were identified at Welcome Flat (figure 1.3a). 
Each type had sharp boundaries delineated by changes in vegetation and/or topographic and 
substrate conditions. Debris fans occupied the largest area of any surface type. These were 
steep coarse-textured deposits at the base of vertical rock faces, and had formed from either 
large debris avalanches or periodic debris fall events. Gently-sloping fans of alluvium 
occupied sites at the base of forested hillsides, and had formed from periodic erosion of 
material from these slopes. The alluvial fans were therefore finer-textured with lower 
gradients than the debris fans. 
Sidestream sedimentation zones were adjacent to stream beds, where surfaces had formed 
from silts and stones deposited by the streams. Frequently the deposits overlay fo~mer 
terrace surfaces. Unmodified terraces of the main river were present on both sides of the 
Flat in areas unaffected by sidestream sedimentation in the last few centuries. 
Stable hillsides occupied moderately steep slopes with well-developed soils and no 
evidence of recent catastrophic erosion or mass movement. Landslide surfaces were" on 
these hillsides in some places, but formed obvious patches distinguished by their even-
canopied vegetation and appropriate landforms (e.g., scarps, deposits below). 
Areas of bedrock and current river bed occupied 116 ha, and lacked forest vegetation 
altogether. 
The forest of Welcome Flat varies with substrate conditions and microclimate. Silt-rich 
surfaces are dominated by ribbonwood (Plagianthus regius) and species of Olearia, with 
scattered to tara (Podocarpus hallii) and cedar. Coarse-textured moderately-steep surfaces 
contain stands of predominantly cedar and to tara, but also include varying proportions of 
kamahi, miro (Prumnopitys ferruginea) and rimu. On warmer, north-facing debris fans 
which have undergone minor disturbance in the last 1000 years, rimu and miro become 
dominant. Very steep surfaces have stands dominated by rata and kamahi, with very 
occasional totara. Sites prone to frequent disturbance by water or snow have dense thickets 
of seral scrub, dominated by species of Olearia and ribbonwood. 
fillJ Debris fans (504 ha) E:=l Stable hillslopes (77 ha) 
~ 000 Terrace surfaces (352 ha) r;;J Fans over old terraces (42 ha) 
D Current river bed (170 ha) ~ Sidestream sedimentations/fans (97 ha) 
rr:m Bed rock ( 70 ha) IZJ Landslide surfaces (l00 ha) 
Figure 1.3. Maps of the (a) Welcome Flat and (b) Lower Karangarua study sites, showing the 
main land surface types identified. The combined total areas of each type are given in the brackets. 
Refer to tables 1.2 and 1.3 for details on the individual surfaces coded on the maps. 
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2) The lower Karangarua study site: 
This study site occupies the Karangarua River valley and lower hillsides on the true right 
from McTaggart Ck (above the Copland confluence) to State Highway 6. The area consists 
of broad river flats, with numerous sidestream fans and debris deposits spilling onto these 
surfaces from steep rugged hillsides above. The upper limit of the study site was about 300 
m; above this height the ranges were very steep and dissected, and few stands of trees 
suitable for sampling were present. The selected study area occupies a total of 787 ha, 
spread along 8 km of the valley. Two areas of very steep forest over schist bedrock (near 
Schist Ck and Copland confluence) were excluded from the study site even though they 
extended to the valley floor, because sampling was too difficult. 
Mean annual rainfall is likely to vary from about 5000-6000 mm in the study site. 
Land surface types in the lower Karangarua included most of those identified at Welcome 
Flat (figure 1.3b). Unmodified terraces occupied a large proportion of the study site, 
reflecting the wider valley floor and increased river size. 
Figure 1.4 shows two views of the lower Karangarua study site. The landscape is less 
rugged and the valley much broader than the Welcome Flat study site (figure 1.2). 
The forest of the lower Karangarua is dominated by the conifer species rimu, kahikatea 
(Dacrycarpus dacrydioides) and matai (Prumnopitys taxifolia). Rimu is most abundant on 
well-drained substrates, with kahikatea and matai becoming increasingly dominant on silt-
rich poorly-drained surfaces. Miro and totara are also locally present on all surface types. 
Kamahi is the dominant angiosperm tree species, and forms dense stands on some coarse 
landslide surfaces. The upper portion of the study site (above the Copland confluence) has 
a colder climate and is more confined within the ranges. Cedar and totara consequently 
form an important component of the forest on shaded sites and hollows. 
Human modification has had only a minor impact on vegetation in the study site. Forest on 
one terrace surface was cleared for farming in the last 100 years, and portions of the 
(a) 
(b) 
Figure 1.4. Two views of the Lower Karangarua study site. Photograph (a) was taken from high 
on surface L3 (see figure 1.3b), looking south up the Karangarua River across forested terraces to 
the large debris avalanche on the true left (DA in figure 1.3b). The Copland River joins the 
Karangarua River at the lower left. Photograph (b) was also taken from surface L3, looking west to 
the Karangarua River. Different forest structures can be visually distinguished, and these represent 
separate landslide, sidestream sedimentation and terrace surfaces . 
youngest river flats are maintained in pasture. These limited impacts do not present any 
problems for reconstruction of surface ages and disturbance history. 
Rationale for using tree population age structures to determine erosion history 
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The basis of the approach taken in this study is that long-lived canopy trees in Westland 
regenerate prolifically and relatively synchronously only following disturbances that cause 
mortality in established trees. The history of past disturbances will therefore be preserved 
in the ages of forest stands in an area. The disruption of the former forest provides 
opportunities for the establishment of new individuals in canopy openings or on newly-
bared surfaces which are usually restricted to a relatively short period immediately after a 
disturbance event, when light levels are high and abundant suitable establishment 
microsites are available. Consequently, patches of approximately even-aged cohorts of 
trees develop in disturbed areas (Ogden 1985). The incidence and distribution of past 
disturbance events can therefore be inferred from a sudden peak in the age distribution of 
trees in an individual stand, corresponding to a disturbance-initiated cohort or pulse in tree 
regeneration (Lorimer 1985, Duncan & Stewart 1991). The date of the disturbance event 
can also be approximately estimated from the age of the oldest trees in a cohort, plus an 
addition for colonisation delay. The dates of single events can then be combined to 
reconstruct the history of forest and landscape disturbance over an entire study area (eg 
Heinselman 1973; Hemstrom & Franklin 1982; Foster 1988). 
I distinguished two separate categories of land surface disturbance in this study, based on 
the severity of erosion/sedimentation and the resultant forest age structure. I refer to these 
as 'totally new surfaces' and 'partially modified surfaces'. Features of each are: 
Totally new surfaces: These surfaces had formed from single, intense, large-scale erosion/ 
sedimentation events that almost completely eroded or buried a previous land surface and 
its vegetation, creating large bared surfaces (> 1 ha) for tree colonisation. Totally new 
surfaces had sharp boundaries and were visually identifiable in the landscape by the even-
canopied colonising forest stands and by uniform substrate conditions. Typical examples 
include landslides and new terrace surfaces. Because the entire land surface was made 
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available for tree colonisation at the one time, single approximately even-aged cohorts of 
trees that established immediately after the event were present. Regeneration on totally new 
surfaces corresponds to the 'catastrophic regeneration mode' (Veblen & Stewart 1982a; 
Veblen 1992). 
Examples of totally new surfaces and their forest cover are shown in figure 1.5. Even-aged 
stands mark an old landslide in figure 1.5a, and an old fan-forming sedimentation event in 
figure 1.5b. 
Partially modified surfaces: These surfaces had formed from more than one erosion! 
sedimentation event. Each separate event had only partially eroded or buried the existing 
land surface, creating a small-scale patchwork of newly-disturbed sites suitable for tree 
regeneration and older undisturbed sites with many trees still surviving. On these surfaces 
separate erosion! sedimentation events and their extent were not visually identifiable in 
either surface features or forest structure. However, stand age structures had more than one 
well-defined cohort or pulse of tree recruitment, reflecting regeneration of trees in canopy 
openings following separate disturbance events. This provided evidence for the extent and 
timing of previous disturbances. Tree regeneration after each event corresponds to the 'gap-
phase' regeneration mode common in New Zealand forests (Veblen & Stewart 1982a; 
Veblen 1992). 
An example of a partially-modified surface and its forest structure is given in figure 1.5a. 
Surface DF3 has been partially eroded over recent centuries, resulting in a more complex 
forest structure and surface topography than totally new surfaces such as landslide Ll. 
In this study, a 'stand' refers to a group of trees on a surface that was sampled, while a 
'cohort' represents a group of trees that regenerated after a disturbance event. A sampled 
stand on a partially modified surface could therefore contain several cohorts. Separate 
cohorts on the surfaces were recognised by a sudden onset of high tree establishment (in 
response to the new sites created by the disturbance), during which a large proportion of 
trees sampled became established. Objective criteria were used to identify cohorts (see 
'Identification of pulses in tree recruitment reflecting disturbance events'). 
(a) 
(b) 
Figure 1.5. Examples of forest structure on totally new and partially modified surfaces in the Karangarua 
catchment. (a) Splinter Creek, Welcome Flat study site. Landslide surface Ll is on the left of the creek, and is 
clearly shown by the even-canopied stand of ratal kamahi across the steep hillside. On the right of the creek is 
the debris fan surface DF3. The forest structure is more complex on this fan, reflecting a history of partial 
modification over the last few centuries. (b) A photograph of a portion of the McTaggart Creek debris fan 
(DF8). To the right of the stream in the centre of the photograph is an extensive even-aged stand of conifer 
trees which established following a major fan-forming event. The extent of this event is very clearly marked 
by the abrupt change in forest structure about half way up the photograph. 
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Only disturbance events that were sufficiently large and severe to initiate recruitment of 
several canopy-forming trees will be detected by the sampling method used in this study. 
Very small-scale disturbances are unlikely to initiate new cohorts of trees due to the ability 
of existing vegetation to expand (eg Oliver & Stephens 1977). Disturbances that fail to 
initiate new forest are not of major significance with respect to landscape change and 
erosional force; their exclusion is therefore unlikely to alter interpretations of disturbance 
regime and erosion history. 
Sampling methods 
In both study sites, the surface types identified provided a logical means of dividing the 
landscape into sampling units to investigate forest age and erosion! sedimentation history 
(see figure 1.3). Some surface units were further divided, because separate disturbed 
surfaces were visually obvious in forest structure and ground features (eg separate but 
adjacent landslides or sidestream sedimentation events). In these cases each separate event 
distinguished on a surface type was delineated as a sample unit. Where such divisions were 
not visually apparent, the entire surface was sampled as one unit. 
An example of the method of subdivision used for sampling is shown in figure 1.6. Several 
land surfaces are identifiable in the photograph; a large fan on the right, steep hillsides 
above on the right, debris fans across the centre, and a young terrace on the left. These 
represent basic sampling units. The steep erosional surface of landslide L1 contains a dense 
even-canopied stand of ratalkamahi/totara, growing on a thin soil mantle overlying rock. 
The preserved extent of the erosion surface is clearly indicated by the area occupied by the 
even-canopied stand. The depositional surface on the fan below was largely destroyed by 
the more recent sedimentation of Splinter Ck (SS1), but it remains preserved near the base 
of the steep hillside evident as the relatively even-canopied stand of totaralkamahilcedarl 
rata. The large fan could be further subdivided based on separate disturbance events 
obviously visible in forest structure (SS1, L1 deposition surface, and HS2). The debris fans 
were also separated into two units (DF1 and DF2), based on a clear dividing stream and 
gully system between them. 
(Steep hillside, not sampled) 
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Figure 1.6. An example of the method of land surface subclivision used for forest and clisturbance history sampling. The 
photograph shows a portion of the Welcome Flat study site just upstream of Splinter Creek. The Copland River bed is in the 
foreground, and several surfaces (sampling units) can be differentiated on the fans and hillslopes above the river. These 
surfaces are outlined in the sketch below the photograph (refer Lo figure 1.3a for the position of the surfaces in the Welcome 
Flat study area). Visible at the lower right is the distal end of a sedimentation event from Splinter Creek (SS I) , which has 
been colonised by an even-aged stand of ribbonwood. A landslide surface (Ll) is evident in the top right, colonised by an 
even-aged stand of ratalkamahi. The remaining depositional surface of the landslide not destroyed by surface SS I is seen 
below the hillside, extending as a tongue of lotaralcedar/kamahi forest across the photograph. Above these surfaces are t IVO 
large debris fans (DFl and DF2), with structurally more-complex stands of conifers and kamahi. These join with the very 
steep bedrock hillsides above; the vegetation consists of stunted kamahi and scrub species, and was not sampled, On the 
lower left is a young grassy terrace (C2). Immediately above this is a silty surface on lOp of an old terrace (HS2), originating 
from sedimentation from the debris fans and landslide L I. This has a stand of mature cedar and ribbonwood. 
The objective of sampling was to obtain a sufficient number of tree ages to allow a 
confident assessment of tree regeneration patterns and of the approximate age of surface 
disturbance events, while at the same time keeping the number of cored trees to a 
minimum. The study sites occupy key recreational areas within Westland National Park, 
and tree coring was therefore required to be minimal. In order to cover the full area in the 
time available, it was also necessary to keep sample sizes as low as possible. 
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I aimed to obtain a minimum of 15 tree ages from each sample unit. On some of the larger 
landforms it was necessary to core up to 70 trees to cover the entire area, while on four 
surfaces fewer than 15 colonisers were present. Six sidestream sedimentation events 
contained very dense, young pole stands of conifers which were clearly even-aged (based 
on stand structure); in these stands as few as 7 trees were cored. In all cases the ages of 
cored trees substantiated this "even-aged" assumption (see figure 1.15). Wherever possible 
I sampled conifer species known to be relatively shade-intolerant and to colonise new 
surfaces (cedar, totara, matai, kahikatea, rimu). Three colonising angiosperm species 
(kamahi, ribbonwood and Olea ria ilicifolia) were also sampled on a few surfaces where 
conifer trees were absent or too few to obtain an adequate sample size. 
On six sample units canopy trees formed dense stands. Rectangular sample plots 0.1-0.2 ha 
in size were randomly located in these stands, and all trees> 10 cm in diameter tagged. 
Increment cores were extracted from all trees at a height of 1 m above the ground, from the 
longest radius of the tree where possible. A lower core height was impractical, because of 
the greatly increased time and energy it takes and because of frequent basal buttressing of 
trees. Generally only one core per tree was taken. Tree diameter at 1.4 m was recorded for 
each tree, and the establishment site noted as either forest floor, boulder or log. The 
physiographic location of each tree was also recorded (gully, silt mound, elevated mound, 
hollow, old channel, ridge). Organic material buried by disturbance events was searched for 
at sites, and samples were submitted for radiocarbon dating from three surfaces. 
On other sample units long-lived trees did not form dense stands, but were scattered across 
the surface or clumped in groups of 5-10 trees. In these stands all conifer trees> 10 cm 
diameter encountered on a random traverse of the surface were cored. Approximate 
locations of trees were marked on a diagram of the surface. 
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On each surface it was important to establish that tree recruitment events were primarily 
the result of erosional and depositional processes, rather than treefall or standing mortality. 
Tree populations on totally new surfaces had clearly established after major erosion or 
sedimentation events, and there was independent evidence of the cause of the event (eg 
landslide, new terrace, sidestream sedimentation). On partially modified surfaces, however, 
individual tree cohorts did not occupy clearly-defined new surfaces. I therefore inspected 
each surface for evidence to distinguish whether erosion! sedimentation or treefall had 
caused the disturbance. Features regarded as indirect evidence for erosional events were 
trees with eroded root systems, remnant higher surfaces with older trees, partially buried 
trees, establishment of trees of the same age around gullies or eroded scarps, establishment 
of trees on rocks, and buried soils. Features regarded as indicating tree recruitment after 
tree fall or standing mortality were trees established on logs or stumps, or on sites with 
well-developed soil profiles. The most likely cause of the disturbance leading to tree 
regeneration was assessed for each surface on the basis of this combined information. 
Tree cores were mounted and sanded, and the number of rings counted under a microscope. 
For cores that did not intercept the pith but that had arcs of the inner rings present, the 
number of rings in the missing part was estimated from ring curvature (Duncan 1989). 
Some cores from rotten or exceptionally large trees failed to reach the middle of the tree, 
and the number of rings in the missing radius was estimated from the length of core and the 
growth rate of the inner 50 rings (Duncan 1989). Cores that missed the centre by> 5 cm 
(for arcs) or that had < 70 % of the radius present (for short cores) were rejected. Where 
two cores from the one tree had been taken, the core with the most rings was used to 
estimate tree age. 
Tree ages from each surface were grouped into 25-year age classes for interpretation of 
disturbance history. 
The accuracy of tree and surface age determinations in this study is invariably limited to a 
period of a few decades. Most of the trees were too large or misshapen to allow systematic 
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coring at ground level, and time constraints prohibited such an approach. Furthermore, all 
tree species in the study sites, except cedar, have not been successfully crossdated and have 
unreliable annual ring formation. The variable delay in colonisation of the disturbed 
surface by each tree adds to the error. The coring and age estimation methods used, 
however, provide a level of accuracy acceptable for the objectives of the study. The 
primary aim was to examine if there had been periods of greatly increased erosion! 
sedimentation alternating with long intervals of relative inactivity in the catchment, rather 
than trying to determine precise dates of formation of each surface. For this purpose, ages 
accurate to within a few decades were adequate (e.g., Foster 1988; Veblen et al. 1992). 
Identification of pulses in tree recruitment reflecting disturbance events 
Totally new surfaces had been colonised by relatively even-aged cohorts of trees dating 
from the one disturbance event. Consequently a single pulse of recruitment was identified. 
Stand age structures on partially modified surfaces usually had more than one well.:defined 
pulse of tree recruitment likely to reflect disturbance events. In all stands pulses were 
clearly separate from one another, and high tree recruitment in each pulse spanned 
relatively short periods of 25-75 years. Separate disturbance-initiated pulses of tree 
recruitment were therefore easily identified without the use of statistical analysis 
techniques (Duncan & Stewart 1991). Nevertheless, mapped tree locations on surfaces 
were visually examined in relation to age to look for clumping of trees in the same cohort. 
Objective criteria were used to define and recognise separate disturbance-initiated cohorts 
of trees on partially modified surfaces. I recognised a separate cohort when two criteria 
were fulfilled: (1) there was a > 100 % increase in the number of trees that established in 
an age-class compared with the previous age class (where the width of an age class is 25 
years), and (2) > 25 % of trees sampled in the stand had established during the following 
pulse in recruitment. Surfaces with stand age structures that did not fulfil these criteria 
were considered to have been unaffected by major forest-initiating disturbance events in 
the last approximately 650 years. 
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Dates of cohort recruitment and erosion/sedimentation events 
The age of the oldest sampled tree in each cohort provides the closest estimate of the 
timing of cohort initiation. To reduce errors in this estimate arising from cores that failed to 
intersect the tree's pith, I excluded all tree ages from cores without inner arcs visible or that 
had arc additions of over 20 years. The oldest tree in each cohort with an addition of < 20 
years was therefore used to estimate the date of cohort initiation. 
The actual dates of the erosion! sedimentation events will predate this age, because of the 
delay for trees to colonise a disturbed surface and grow to coring height. The best way to 
quantify the probable magnitude and variability of this delay is to observe colonisation 
delays of long-lived tree species on sites with a known date of disturbance. Four published 
studies provide relevant information from historical observations in western South Island 
localities (Wardle 1980a; Allen & Rose 1983; Bray 1989; Mark & Dickinson 1989). I also 
identified 9 sites in south Westland which had been disturbed since 1900 AD, and visited 
each site to observe colonisation by the species cored in this study (see Results for details). 
Areas affected by disturbance events 
i) Current extent of surfaces-
The area impacted by disturbances that formed totally new surfaces was clearly indicated 
by the extent of the even-aged colonising vegetation. On partially modified surfaces, the 
area affected by each separate event was estimated as the area spanned by trees in a given 
cohort. 
The boundaries of individual surfaces were identified on aerial photographs of the study 
sites. I mapped each surface onto the photos, and determined the area (in ha) of each 
surface. 
ii) Reconstructed extent of surfaces-
Reconstructing the original extent of disturbed surfaces is a difficulty faced by all studies 
of disturbance history. The key problem is the increasing loss of information on older 
events with time (Henry & Swann 1974; Lorimer 1985). This arises from mortality of trees, 
and because younger disturbances destroy the record of earlier disturbances. The loss of 
information is dependent on the size, frequency, and severity of disturbances. 
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The most recent disturbance events at the sites were obviously preserved in their original 
extent. However, the record of all older disturbances had been erased to some degree by 
more recent events. Sometimes remnant patches of surfaces with trees of similar age were 
scattered around an area reset by a more recent event, and in these surfaces reconstructions 
of the area disturbed were made. Two assumptions were applied in doing this: (1) Patches 
of trees of a similar age on a landform that were separated by trees from a younger cohort, 
most likely originated after the same disturbance event. Prior to the more recent event, the 
whole area between patches was probably occupied by forest dating from the older 
disturbance event. (2) Disturbance event impacts were not extended into areas where 
survivor trees were absent, even if there were no physical barriers to stop the erosion! 
sedimentation event from having spread over a large area. Reconstructed disturbed areas 
are therefore conservative estimates and will reflect minimum areas impacted in most 
cases. 
For some surfaces no remnant outlier patches were preserved, and in these cases no attempt 
at reconstructing the original extent was made. Models that adjust for lost trees are useful 
where the loss of information is a relatively steady and gradual process related to tree aging 
(Fox 1988). However where major erosion! sedimentation events suddenly destroy large 
areas and lead to new forests, there is no meaningful way to reconstruct the destroyed 
information. 
Reconstruction of catchment disturbance history 
The dates of individual disturbance events in the study sites were combined, based on the 
oldest colonising tree on each disturbed surface. From this information periods of major 
catchment erosion! sedimentation were identified. 
I distinguished two temporal scales of disturbance in this study: erosion! sedimentation 
events and erosion! sedimentation episodes. An "episode" was recognised when several 
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separate surface disturbance events from both study sites were closely spaced in time, 
indicated by clustered maximum tree ages. These were periods of catchment-wide 
disturbance on a major scale. An "event" was recognised when one or two surfaces formed 
from disturbance, but no other evidence of disturbance in the catchment at that time was 
preserved. These were also restricted to one study site, and therefore lacked evidence of 
catchment-wide impact. The oldest trees on these surfaces were separated from other 
events or episodes by at least 30 years, and so could be considered separate events. 
Maps of the study sites were prepared to show the current distribution of surface ages. The 
reconstructed extent of surface disturbance during separate episodes of catchment-wide 
erosion/ sedimentation was also shown on maps of the study sites. 
The record of erosion/sedimentation in the Karangarua catchment was compared with other 
evidence for storms and earthquakes in the last 650 years. 
Disturbances recorded in tree growth patterns 
Trees that survive nearby disturbance events often record the timing of the events in their 
rings as changes in growth pattern. These are usually indicated by abrupt increases 
(releases) or decreases (suppressions) in growth rate. 
To examine the history of major tree growth disturbance, I selected old cedar trees in the 
Welcome Flat study site that had survived at least one cohort-initiating disturbance event. 
These trees were located amongst cohorts of trees established after disturbance, but were 
older than the post-disturbance cohort and therefore likely to record the event in their rings. 
Cedar was selected because it has the most reliable annual ring formation of the species I 
cored. Other long-lived conifers (rimu, to tara, kahikatea) have more serious problems for 
tree-ring analysis such as severe wedging, lobate growth and missing rings. 
I measured ring-widths in cores from 32 old cedars to the nearest 0.01 mm using a Henson 
bench. The ring-width series were then examined for growth anomalies that might indicate 
disturbance to the trees. I defined a major growth release/suppression as a> 150 % 
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increase/ decrease in mean ring width when consecutive 5-year means were compared. The 
dates of all growth anomalies were combined for the 32 trees and grouped into lO-year age 
classes. This was because the trees were not crossdated, and errors in absolute age of about 
± 0-5 years are therefore possible because of locally absent or false rings. 
Several stands dominated by matai and kahikatea in the lower Karangarua study site had 
evidence of two clear cohorts. I therefore visually checked all cores from trees in the older 
cohorts for long-term anomalous growth patterns that could be attributed to the younger 
disturbances. 
RESULTS 
1. Types of land surface disturbance and stand structure in the Karangarua 
catchment: 
i) Surlace descriptions: 
The types of disturbances and surlace formation that impacted the two study sites in the 
Karangarua catchment are summarised in table 1.1. 86 % of the study area comprised 
surlaces that had been impacted by disturbance in the last 650 years, while 5 % had been 
free from major erosion! sedimentation events. The remaining 9 % of the study area was 
not sampled for disturbance history due to inappropriate forest structure. 
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The individual surlaces in each study site, their present and reconstructed extents, and the 
key colonising species sampled on each surlace are summarised in tables 1.2 and 1.3. The 
current extent of surlaces at each site, and the landforms they occupy, are presented in 
figure 1.3a (Welcome Flat) and 1.3b (lower Karangarua). 
Totally new surlaces that formed after disturbance events were the dominant surlace type 
in the catchment, occupying 51 % of the study area (table 1.1). These resulted from 
landslides, debris avalanches, debris fan formation, sidestream sedimentation and new 
terrace formation. Twenty-five separate disturbance events of this nature were identified in 
the study sites in the last 650 years (tables 1.2 and 1.3). 
Partially modified surlaces occupied 18 % of the study area. These resulted from 
disturbance to debris fan deposits and gentle fan surlaces on old terraces. A total of 18 
separate disturbance events of this type were identified in the last 650 years (tables 1.2 and 
1.3). On surlaces adjacent to stream beds, ephemeral watercourses and avalanche paths, 
modification was so frequent that long-lived tree species were not able to establish. These 
surfaces were restricted to the Welcome Flat study site (surlaces SI-S2), and were 
dominated by dense stands of seral species able to tolerate frequent substrate movement 
and physical abrasion. Establishment of long-lived trees on these surlaces would not take 
place without a significant sedimentation or erosion event that altered drainage patterns. 
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Table 1.1. Catalogue of the major types of land surface disturbance identified in the two 
Karangarua catchment study sites (total area = 1412 ha), the current extent of surfaces of each type 
in the landscape, and key features that distinguished the type of disturbance at a site. 
Type of disturbance No. of Current extent Recognition! distinguishing evidence 
impact events [ha (%)] 
Totally New Surfaces: Clearly visible surfaces in the landscape. 
Debris avalanches 1 95 (7) O~vious boundaries indicated by abrupt 
Landslides 5 100 (7) changes in substrate, topography and/or 
Debris fan formation 2 171 (12) forest structure. Forest stands are even-
New terrace formation 8 278 (20) aged, except on new terraces where 
Sidestream sedimentation ~ 66 (5) colonisation is gradual. 
Total 25 710 (51) 
Partially modified surfaces: Individual events not visually obvious, but 
Hillslope sedimentation 9 42 (3) disturbance indicated by patchy erosion 
Debris fan modification 12 148 (10) and/or siltation of surfaces. Even-aged 
Frequently-disturbed sites 
-
67 (5) cohorts provide evidence of individual past 
-
Total 21 257 (18) events. 
Constantly-disturbed surfaces: Relatively bare gravels in present river 
Current riverbed surfaces 170 (12) flood-range. 
Unvegetated bedrock slopes - 70 (5) Bare rock adjacent to ephemeral creeks 
-
Total 240 (17) and avalanche paths. 
"Undisturbed" surfaces: All-aged tree populations, and hummocky 
Old terrace surfaces 54 (4) land surface microtopography on high 
Old debris fan - 16 (1) terraces, indicate lack of recent surface 
-
Total 70 (5) disturbance. 
Surfaces not sampled: 
Kamahi-dominated hillsides 77 (5) Scattered kamahi with dense scrubby 
Old debris fan 38 (3) understorey. 
Old terrace surface -
-
20 (1) Many rimu trees too large to enable 
Total 135 (9) accurate ageing. 
A further 17 % of the study area was occupied by surfaces prone to constant disturbance. 
This included 170 ha of the current beds of the Karangarua and Copland Rivers, and 70 ha 
of bedrock adjacent to ephemeral creeks and avalanche paths in the Welcome Flat study 
site. Development of vegetation on these surfaces was restricted to an occasional tussock or 
shrub. 
A few surfaces, representing 5 % of the study area, lacked evidence of cohort-initiating 
erosion/sedimentation events in the last 650 years. Rimu trees on an old debris fan on the 
Table 1.2. Major erosion/sedimentation sites and events in the Welcome Flat study area, and the 
present and reconstructed extent of land surface disturbance resulting from each event. 
Disturbance type and site Present Reconst- Vegetation composition 
location extent ructed 
(Site Code) (Site Name) ha (%) 
TOTALLY NEW SURFACES-
Landslides: 
Ll Splinter Ck true right 16 (2.S) 
L2 Prices Peak slip 2 (0.3) 
Debris fan formation: 
DF4 Sparkling Ck fan SI (8 
Sidestream sedimentation: 
SSI Splinter Ck event 19 (3 ) 
SS2 Scott Ck event 20 (3 ) 
SS3 Scott Ck true left 13 (2 ) 
SS4 Gut Ck sedimentation S (1 ) 
SSS Crag Ck sedimentation 2 (0.3) 
SS6 Ruera true left 2 (0.3) 
SS7 Hut sedimentation S (1 ) 
New terraces: 
C1 Copland terrace 1 S (1 ) 
C2 Copland terrace 2 S2 (8.S) 
C3 Copland terrace 3 4 (O.S) 
C4 Copland terrace 4 
PARTIALLY MODIFIED SURFACES-
Hillslope sedimentation: 
HSI Bluewater fan IS (2.S) 
HS2 Rimu fan base, group 1 2 (0.3) 
Debris fan modification: 
DF1 Rimu fan, true right 18 (3 ) 
DF2 Rimu fan, true left 8 (1 ) 
DF3 Splinter Ck fan, true left 22 (3.S) 
DFS Shiels Ck fan 47 (7.S) 
DF6 Shiels Ck bank collapse 2 (0.3) 
DF7 Ruera-Copland fan 43 (7 ) 
Frequently-disturbed sites: 
SI Seral Hut-Ruera hillside 36 (6 
S2 Seral, Crag-Creamy Ck 31 (S 
"UNDISTURBED" SURFACES-
UNI Scott fan, true left 16 (2.S) 
CONSTANTLY-DISTURBED SURFACES-
Rl Hut-Ruera upper slopes 2S (4 ) 
R2 Crag/Creamy Ck rocks 4S (7 ) 
RBI Current riverbed 46 (7.S) 
NOT SAMPLED-
NSI Fan behind Gut Ck 27 (4.S) 
NS2 Prices Pk area 31 (S ) 
NS3 Hills, Foam Ck true left 21 (3 ) 
extent 
ha(%) 
29 (4.S) 
2 (0.3) 
74 (12 ) 
21 (3.S) 
20 (3 ) 
IS (2.S) 
S (1 ) 
10 (1.5) 
2 (0.3) 
S (1 ) 
IS (2.S) 
2 (0.3) 
18 (3 ) 
8 (1 ) 
33 (S.S) 
47 (7.S) 
2 (0.3) 
S8 (9 ) 
Cedar/totaralkamahi 
Kamahi/totaralrata 
Cedar/totara 
Totaralcedar/ribbonwood 
Cedar/totara 
Cedar/totara 
Ribbonwood 
Cedar/ribbonwood 
Cedar 
RibbonwoodlOlearia 
Olearialribbonwoodlgrasses 
RibbonwoodlOlearialgrasses 
Cedar/totaralgrasses 
Overlain by event SS6 (Cedar) 
Cedar/totara 
Cedar/totara 
Rimulcedar/totaralmiro 
Rimulmiro/cedar 
Totaralkamahilmiro 
Totaralcedar/miro 
Cedar 
Olearialcedar/totara 
Olearia 
Olearial ribbon wood 
RimulOiearia 
Rocks/Olearia 
Rocks/grasses 
Bare gravel/grasses 
Olearialribbonwoodlkamahi 
KamahilratalOiearia 
RatalkamahilOiearia 
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Table 1.3. Major erosion/sedimentation sites and events in the Lower Karangarua study area, and 
the present and reconstructed extent of land surface disturbance resulting from each event. 
Disturbance type and site Present Reconst- Vegetation 
location extent ructed composition 
extent 
(Site Code) (Site Name) ha(%) ha (%) 
TOT ALL Y NEW SURFACES-
Debris avalanches: 
DA McTaggart Ck fan 95 (12 ) 215 (27 ) Ftinrrultotaralrata 
Debris fan formation: 
DF8 McTaggart Ck fan 120 (15 ) 120 (15 ) 5 conifer specieslkamahi 
Landslides: 
L3 N gataus fan, recent slip 44 (5.5) 44 (5.5) Rinrrulkahikatealribbonwood 
L4 Ngataus fan, older slip 36 (4.5) 86 (11 ) Kanrrahi 
Maimai Ck stands n/a Kamahi 
Sidestream sedimentation: 
SS8 Fork Ck event 5 (0.5) 5 (0.5) Kahikatea 
SS9 Rough Ck event 3 (0.5) 3 (0.5) Totara 
SSlO N gataus sedinrrentation 5 (0.5) 5 (0.5) Rinrrulkahikatea 
New terraces: 
Kl Karangarua terrace 1 51 (6.5) Seral angiospernrr species 
K2 Karangarua terrace 2 39 (5 ) Rinrrulkahikatealtotara/kanrrahi 
K3 Karangarua terrace 3 110 (14 ) Rinrrulnrratailkahikatea 
K4 Karangarua terrace 4 3 (0.5) Kahikatealmatai 
K5 Karangarua terrace 5 11 (1.5) Rinrru 
Al Architect Ck terrace n/a Cedarlkahikatealrimu 
PARTIALLY MODIFIED SURFACES-
Hillslope sedimentation: 
HS3 Junction rockfall surface 10 (1.5) 10 (1.5) Kahikatea 
HS4 Ngataus fan,base cohort 2 (0.5) n/a Kahikatealrimu 
Debris fan modification: 
DF9 Ngataus fan, old surfaces 10 (1.5) 10 (1.5) Rinrrulnrriro 
CONST ANTL Y DISTURBED SITES-
RB2 Current riverbed 124 (16 ) nla 
"UNDISTURBED" SURFACES-
UN2 Rough Ck true left, tce 35 (4.5) 35 (4.5) Rimu 
UN3 Fork Ck true left, tce 19 (2.5) 19 (2.5) Rimu 
NOT SAMPLED-
NS4 Above Junction stand 20 (2.5) 20 (2.5) Kahikatealrimu 
NS5 Schist Ck fan 38 (5 ) 38 (5 ) Rimulkahikatea 
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true right of Scott Ck (UN1, table 1.2) had an all-aged population structure in which one or 
two trees had established every century. This pattern of recruitment suggests the surface 
has been subject to repeated small-scale disturbances, probably treefall or debris erosion. 
Two old terrace surfaces in the lower Karangarua (UN2, UN3) appeared relatively 
unaffected by recent erosion or sedimentation. Thin A horizons overlay weathered terrace 
gravels at a depth of about 5-20 cm, and there was no evidence of surface sedimentation 
over the terrace in recent centuries. Trees aged in one part of terrace UN2 spanned several 
centuries, with no periods of greatly increased tree recruitment (figure 1.7f). This combined 
information suggests these terrace surfaces have been disturbed only by intermittent treefall 
for the last several centuries at least. Given this, no further tree ageing was undertaken on 
them. 
Fi ve surfaces representing 9 % of the study area were not sampled for disturbance history 
(tables 1.2 and 1.3). Three of them (NS1-NS3, all at Welcome Flat) occupied steep slopes 
with vegetation that would not allow a clear reconstruction of disturbance history. This 
included species that could not be cored (rata), and a predominance of twisted, knarled 
angiosperm species that could not provide acceptable cores (kamahi and Olea ria ilicifolia). 
In other areas of the same surfaces kamahi trees were too scattered and scarce to be of 
value in determining disturbance history. 
One old debris fan (NS5, table 1.3) contained rimu trees that were too large to accurately 
age from the largest increment borers. All but 5 of 22 trees cored produced short cores, and 
only 7 of these provided age estimates with acceptable additions for the missing part. Many 
trees on the fifth-highest terrace surface in the lower Karangarua (K5) were also too large 
for the available corers, so this surface was not sampled sufficiently to determine terrace 
age. 
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Figure 1.7. Examples of the key forest stand age-structures identified in the Karangarua 
catchment. Disturbances in the stands took place about 280 years ago in a) and b), 370 years 
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ago in c) and d), and 280 and 370 years ago in e). No cohort-initiating disturbance event is evident 
in f). 
in Detection of past disturbance events: 
Totally new surfaces: 
a) Landslides, debris avalanches, debris fan formation and sidestream sedimentations 
The tree populations that colonised these totally new surfaces comprised single relatively 
even-aged cohorts, dominated by one or more tree species depending on the site conditions. 
This is typical of post-disturbance tree populations in Westland (Ogden & Stewart 1995). 
An example cohort is shown in figure 1.7a. Tree recruitment on this fan surface began 
about 265 years ago, rose to a peak by 200-225 years ago, and declined and ceased by 150 
years ago. On two surfaces (DF4, SS3) a few trees survived the erosion/sedimentation 
event, and in these cases the stand age distribution contained older trees that predated the 
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disturbance. For example on surface DF4 (figure 1.7b) abundant post-disturbance tree 
recruitment began about 250 years ago and peaked about 175-225 years ago, much the 
same as the stand in figure 1.7a. However twelve older trees (270-350 years old) survived 
the debris-fall event that initiated recruitment of the younger cohort. 
The age-range of cohorts of trees on the totally new surface~ spanned from 50 to 225 years, 
with all but three cohorts (SS2, DF4, DA) spanning less than 150 years. At least half the 
trees in each cohort were recruited within a 50-year period, and over 70 % of the trees in a 
75-year period. Following surface formation most tree recruitment was therefore restricted 
to a relatively short time interval, after which ensued a variable but often lengthy (> 100 
years) period of low-level tree recruitment. 
b) Terrace surfaces 
The age structures of colonising tree populations on most new terraces differed from other 
totally new surfaces. Colonisation of terrace surfaces by long-lived trees was usually much 
more gradual. Only a few trees established in the decades following terrace formation, and 
major tree recruitment was often delayed for a century or more. Examples of this are shown 
in figure 1.7c and 1.7d. These terraces formed about 370 years ago (see later results), but 
only a very few trees established in the following decades; abundant recruitment of trees 
occurred later on during the next disturbance episode 280 years ago. Furthermore, on both 
these terraces recruitment of saplings and seedlings is still abundant today, reflecting the 
continued openness of the stands. These were not sampled, and so do not show in the age 
structure. 
The terrace age structures appear similar to that shown for the debris fan DF4 in figure 
1.7b, and it is therefore possible they could have arisen in the same way. If this was the 
case, terrace formation would date from the onset of massive tree establishment rather than 
from the oldest trees (eg, about 250 years ago for K3 in figure 1.7c). However, three factors 
indicate that this is not the case on terraces, and that the oldest trees are the colonists of the 
new terrace surface. First, terrace formation not only presents a totally new surface for tree 
colonisation, but also a totally new landform. Because of this, all trees growing on the 
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sutface must post-date terrace formation, and it is not possible for remnant older trees to be 
on the terrace. Second, some of the oldest trees had established in the lowest parts of the 
terraces. For example the oldest tree on terrace K2, a 233 year old kahikatea, was growing 
in a well-defined former channel of the river. This provides good evidence that the terrace 
sutface was not abandoned at the later date of about 150 years ago when abundant 
recruitment started (see figure l.13b). If this had occurred the older trees could not have 
successfully survived in river channels. Third, sidestream sedimentation and landslides in 
several places had deposited sediment onto older terraces, and these provided a means to 
check the terrace ages. In the lower Karangarua, for example, sediment from landslide L3 
had extended all the way onto terrace K2. This was evident as a silty deposit over the 
terrace gravels on a section of terrace closest to the landslide's source, and the landslide' 
thus clearly post-dated terrace formation. Conifers on the landslide deposit were up to 126 
years old. Trees on K2 were up to 233 years old, although the main pulse of regeneration 
did not commence until about 150 years ago. This provides conclusive evidence for terrace 
formation prior to 150 years ago, dating from the oldest trees on the sutface. 
I therefore attribute the different colonisation patterns on most terraces to more gradual and 
sporadic regeneration, in contrast to the typical even-aged cohort regeneration on other 
sutfaces. Even today many of the terrace sutfaces younger than 450 years still have grass-
dominated areas where trees are only just beginning to colonise. This slow transition to 
forest was also noted by Wardle (1980a) for young terraces in Westland. 
The tree species that established on totally new surfaces varied depending on the site 
conditions and altitude. At higher-elevation Welcome Flat, gently-sloping sites with at least 
30 cm of silt developed ribbon wood-dominated stands. Coarser substrates were dominated 
by cedar and totara. Very steep sutfaces in both study sites developed dense stands of 
kamahi/rata with occasional totara. In the lower Karangarua silty sutfaces were dominated 
by kahikatea and rimu, with some matai and miro. On sutfaces with a coarser or variable 
substrate, up to five conifer species were present (kahikatea, rimu, cedar, totara, miro) as 
well as kamahi and occasional rata. 
Partially modified surfaces: 
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Individual erosion/sedimentation events that fonned partially modified surfaces were not 
usually visually apparent in forest structure or in the surfaces themselves. However, 
disturbance events were indicated by distinctive relatively even-aged cohorts of trees on the 
surfaces. The number of preserved cohorts on a surface depended on the severity of the 
most recent disturbance at that site. One site (Splinter Ck fan, DF3) had only the most 
recent event clearly preserved in tree ages, while other sites-had two or three well-
preserved cohorts (eg, surfaces DF2, DF5). While cohorts were not usually spatially 
segregated, small-scale clumping of 2-4 trees from the one cohort was common across the 
surfaces. This probably reflected recruitment of trees in localised severely-disturbed 
patches. 
A typical stand age structure from a partially modified surface is shown in figure 1.7e. Two 
distinct cohorts of trees are evident in this stand, reflecting two major disturbance events in 
the last 400 years. Recruitment of the cohorts commenced about 350 and 250 years ago, 
with cohorts spanning 50-75 years. 
The age-range of post-disturbance cohorts on partially modified surfaces spanned from 50-
200 years, with eleven of the eighteen cohorts spanning 50-100 years. These cohorts 
therefore tended to have a narrower age-range than cohorts colonising totally new surfaces. 
Two factors may contribute to this. First, suitable establishment conditions for tree species 
on partially-disturbed surfaces are likely to be more rapidly lost through regrowth and 
colonisation of understorey species. Second, colonisation of available sites by tree species 
is likely to be more rapid because of the proximity of mature trees and the more sheltered 
establishment conditions of sites interspersed with mature forest. 
The tree species that established on partially-modified surfaces varied with the apparent 
scale (severity) of modification and with site conditions. At Welcome Flat relatively 
severely disturbed sites were dominated by totara and cedar, with totara being dominant on 
the better-drained coarser substrates. Sites with apparently less-severe disturbance were 
dominated by trees of rimu and miro, with fewer individuals of totara and cedar. In the 
lower Karangarua rimu and miro dominated on drier or sloping sites, and kahikatea on 
more poorly-drained sites. On most fans in the study sites, conifers were relatively 
scattered, except on Shiels Ck fan which had been severely modified. 
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Erosion/sedimentation is likely to have been the primary cause of disturbance on the 
partially-modified surfaces. We can rule out major treefall without erosion/ sedimentation 
based on the patterns of regeneration after a large treefall event on a portion of the 
Bluewater fan (RS1), Welcome Flat. At least 20 trees were uprooted here on a stony 
substrate, and a cohort of cedar and totara with trees up to 90 years old has since 
established. Every tree that colonised in response to this disturbance established on the 
trunk of one of the fallen trees, at heights of 0.4-1.8 m above the forest floor. On this basis, 
if treefall had been a significant cause of the tree recruitment on the partially modified . 
surfaces, then we would expect many trees to have established on logs. This was not the 
case: of the 20S trees I sampled on partially-modified surfaces, only four had established on 
fallen logs, while over 70 % of trees showed clear evidence of having established on the 
forest floor or on large rocks. Even the four trees on logs were in stands with obvious 
evidence of contemporaneous major surface disturbance. 
Furthermore, I found clear evidence of fan erosion leading to tree recruitment on the 
partially-modified Shiels Ck debris fan (DFS). Key features of the fan surface and 
vegetation are shown in figure 1.8. Two cohorts of cedar/totara had established in the last 
3S0 years, but I also sampled 8 trees older than this (up to 680 years old)(figure 1.7e). The 
eight oldest trees had established on a higher surface than trees in the two younger cohorts. 
Two of the old trees had large exposed root systems 2-3 m above the ground, indicating 
erosion of a former surface since their establishment 400-S00 years ago. The remaining six 
old trees were on two small preserved remnants (up to 20 x 40 m in extent) of a fonner 
surface. These remnant surfaces were elevated above the rest of the fan surface at a height 
of 1-3 m, and the ground was fully vegetated with mosses and ferns. In contrast, all of the 
trees established on the lower more extensive fan surface were younger than 3S0 years, and 
fell into two clear cohorts (figure 1.7e). The forest floor of this lower surface was largely 
unvegetated with exposed stones and rocks, suggesting recent disturbance. This 
information provides strong evidence that erosion of a significant proportion of the fan 
surface has taken place in the last SOO years, resulting in recruitment of two young cohorts. 
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Figure 1.8. Key features of the partially-modified Shiels Ck debris fan (DPS) that indicate surface 
erosion has taken place in the last SOO years. The fan surface is stony with little soil development, 
except for two small remnants of a higher surface. These elevated remnants have well-developed 
soils and trees older than 3S0 years, while other old trees had elevated root systems from which 
debris had been eroded away since tree establishment. All trees established on the lower stony 
surface were younger than 3S0 years, and tree recruitment had taken place in response to two 
major disturbances (see figure 1.7e). 
The photograph below shows an exposure of the debris fan deposit. The sediment is predominantly 
coarse-textured, and poorly sorted. This is typical of all debris fans in the catchment. 
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On other debris fans evidence of cohort recruitment following erosion was less clear. 
However, on most debris fans several trees older than 400 years had root systems up to 2 m 
above the modern surface, while trees in younger cohorts were confined to the lower 
surfaces. In other cases, many trees in a cohort were established in or adjacent to hollows 
and eroded gullies cut into the fan deposit, which is probably an indication of establishment 
in response to scouring. Other trees were established on huge boulders that probably had 
previous vegetation and soil eroded from around them. All of these features are consistent 
with fan erosion being the major disturbance agent initiating tree recruitment on partially 
modified surfaces, although the direct evidence is not as clear as on the Shiels Ck fan. 
No evidence indicates major surface erosion on gently-sloping alluvial fans (surfaces HSl-
HS4), but variations in the thickness of silt were apparent across small distances « 30 m). 
These were evident as hummocky areas slightly elevated above the surrounding fan 
surface. Small ephemeral watercourses crossed the surfaces, and the areas of thickened silt 
most probably reflect areas where sedimentation from the watercourses was most 
pronounced during recent periods of deposition. Most long-lived trees on the surfaces were 
clumped in groups of 4-10 trees on these areas of thicker sediments, interspersed by large 
areas with only an occasional scattered tree. This pattern most likely reflects tree 
establishment in the areas of greatest disturbance. Sedimentation would have smothered the 
understorey fern layer, caused mortality of shrub species, and left bare silty surfaces, 
providing ideal conditions for establishment of the long-lived tree species, while the less-
disturbed areas would provide only scattered opportunities for establishment. The current 
age structures of trees on the fan surfaces should therefore record the timing of the most 
recent larger-scale and widespread pulses of sedimentation. 
This interpretation is supported by observations of small sediment~tion events that have 
impacted the Bluewater fan (HSl) in the last decade. These events have deposited up to 15 
cm of fine gravels and silts under small areas of mature forest during storms, resulting in 
smothering of forest floor vegetation and poor health of low shrubs. The areas impacted 
during these events have been no more than about 10 x 20 m, and no tree establishment has 
yet resulted. Presumably, larger-scale events of the same nature would impact large areas 
of the surface, forming patches likely to be suitable for conifer recruitment. 
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In summary, the evidence suggests that cohort establishment on fan surfaces can be 
attributed primarily to partial surface modification by extensive erosion and/or 
sedimentation events. This does not exclude the possibility of some treefall (through wind 
or seismic shaking) concurrent with land surface modification. 
2. Temporal patterns of forest establishment and disturbance events in the 
Karangarua: 
i) Current Distribution Of Forest Ages 
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I identified a total of 57 cohorts from surfaces in the study area, and sampled two 
additional cohorts in the catchment outside of the study are~. The ages of the single oldest 
trees in the 59 cohorts reveal a few periods of abundant cohort establishment, separated by 
long periods of almost no establishment (figure 1.9a). Four distinct periods of clustered 
cohort establishment are evident in the last 650 years. These periods have oldest trees 
ranging from 1840-1900 (11 cohort samples), 1720-1770 (23 cohort samples), 1640-1700 
(15 cohort samples), and 1460-1500 (5 cohort samples). Combined, these periods repres~nt 
just 37 % of the last 650 years, but 95 % of the cohorts of trees were initiated in this time. 
Although the cohort clusters span a range of up to sixty years, over half the oldest trees in 
each cluster established during a three-decade period. This indicates a strong synchrony in 
establishment within clusters. The very oldest trees indicate that the clusters date from 
prior to about 1840, 1720, 1640 and 1460 AD. 
Cohort establishment at times outside of these clusters was remarkably limited. Only five 
forest cohorts of other ages were preserved in the study sites. These had oldest trees dating 
from about 1385, 1595, 1605, 1805 and 1815 AD. Small areas disturbed in the last 50 years 
were also present, but these amounted to just a few hectares. 
Because almost all the cohorts of trees had established on sites with clear independent 
evidence of surface formation or disturbance, the pattern of cohort establishment reflects 
the history of major erosion/sedimentation events in the catchment. Thus, disturbances 
severe enough to initiate forest cohort establishment have occurred primarily during these 
four brief « 60 years) and distinctive episodes. The four clusters of cohort establishment 
therefore reflect episodes of catchment-wide, major natural disturbance during which many 
erosion/ sedimentation events occurred. The intervals between the four episodes are 
characterised by only occasional localised disturbances. 
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Figure 1.9. a) Frequency distribution of the n1aximuD1 tree age in 59 individual cohorts in 
the Karangarua catchment. b) Age frequency distribution of all trees in the 59 cohorts in 
the Karangarua catchment. 
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The episodes of cohort establishment and natural disturbance are termed the Ruera, 
Sparkling, McTaggart and Junction episodes throughout this thesis. These names are from 
major surfaces in the study area where cohorts in the episode were present. Cohorts in each 
episode were clearly distinguishable by the age of the oldest tree; oldest trees in cohorts of 
each episode were around 130, 245, 330 and 530 ± 25 years respectively. 
The peaks in cohort establishment were also evident in the age distribution of all aged trees 
in the 59 cohorts in the catchment (figure 1.9b). Four modes in tree ages are present in the 
last 650 years, centred at about 500, 300, 225 and 100 years ago. These reflect the periods 
of major cohort establishment shown in figure 1.9a. Most prominent is the marked peak in 
establishment about 175-250 years ago, although this partly reflects the greater intensity 'of 
sampling (eg, 159 trees were aged on surface DF4). 
This pattern is more clearly demonstrated when tree ages from cohorts in each of the four 
episodes are graphed separately. The combined age frequency distributions for all trees in 
cohorts dating from each episode, and the oldest trees in the cohorts, are presented in figure 
1.10. Only 54 of the 804 trees aged in the catchment did not belong in one of the cohort 
clusters. Age distributions for each disturbance episode are very different, and enable a 
clear separation of episodes just as maximum tree ages do. The tree age structures show a 
few old trees in each episode, followed 25-50 years later by the abrupt onset of high tree 
establishment. The times of peak tree establishment in each episode differ by at leas~ 100 
years; high tree establishment commenced about 100-125, 225-250, 325-350 and 500-525 
years ago for the four episodes. In all episodes over 90 % of trees established within a 100 
year interval following these times. Following this period establishment dropped abruptly, 
with only scattered trees establishing over the next 25-150 years. 
The total area currently occupied by surfaces disturbed during each episode varied greatly, 
from 140 ha (10 %) up to 440 ha (31 %)(figure 1.11). The Sparkling and McTaggart 
episodes occupy the greatest areas: disturbed surfaces dating from these two episodes cover 
over half of the study area. Surfaces disturbed at times other than during the four episodes 
occupy just 37 ha (1.5 %) of the study area, and are restricted to the Welcome Flat study 
site. 
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Figure 1.10. a-d) Age frequency distributions of trees in all sampled cohorts that 
established during the four episodes of disturbance. e-h) Frequency distributions of the 
maximum tree age in each sampled cohort in the four episodes. 
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times (37 ha) 
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[UTI Junction episode disturbance (70 ha) 
Figure 1.11. Maps showing the areas of the study sites disturbed during the four catchment-wide 
episodes, and at other times in the last 650 years, for (a) Welcome Flat and (b) Lower Karangarua. 
The total areas are given in the brackets. Some partially-modified surfaces had been disturbed 
during more than one episode; these surfaces are therefore marked with all the relevant symbols. 
Because of this overlap, the total area of surfaces in the brackets adds to more than the actual study 
area (1412 ha). Surfaces not sampled lacked evidence of active erosion/sedimentation in the last 
650 years. 
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However the current extent and frequency of disturbed sites in the landscape do not 
necessarily provide an accurate picture of the relative magnitUde of each disturbance 
episode. This is because of the progressive loss of information on earlier disturbance events 
as more recent episodes destroy them (Lorimer 1985). I assess the probable original extent 
of erosion/sedimentation in each episode and compare their relative magnitudes in a later 
section. 
ii) Terrace sequences in the Karangarua and Copland Rivers: 
The four episodes of erosion/sedimentation identified in forest age match successive 
terraces in the Karangarua and Copland Rivers. Figure 1.12a summarises the terrace 
sequence in the Karangarua River. The modem river occupies a broad bed cut into lowest 
terrace (Kl in table 1.3). The river occasionally floods over this lowest terrace, indicated by 
woody debris and fresh river sands and silts on the surface, and it is therefore strictly part 
of the active flood plain. Most of the surface is grass-covered, except for small patches of 
seral angiosperm forest. Ages of these trees (up to 107 years old, figure 1. 13 a) indicate the 
river abandoned the terrace and downcut to the modem river bed during the Ruera episode. 
The next highest terrace tread (K2) is the first consistently above modem flood height. This 
surface has mature colonising conifer trees up to 233 years old (figure 1. 13b), indicating 
abandonment during the Sparkling episode. The two terraces above this have oldest conifer 
trees of 307 (K3, figure 1.13c) and 532 (K4, figure 1.13d) years, indicating abandonment 
during the McTaggart and Junction episodes respectively. A remnant of a fifth terrace tread 
(K5) was also preserved. However trees on this surface were too large to obtain accurate 
age estimations from increment cores. Up to 700 rings were counted in partial cores from 
large trees, which provide a minimum age for the terrace. 
The terrace surface colonised during the Ruera episode differs from the other terraces in 
that it is not consistently above the modem flood range. Consequently any future major 
aggradation event or disturbance episode is likely to impact the same surface, destroying 
evidence of the previous vegetation and resulting in colonisation of a new cohort. 
Preservation of the current cohort is also unlikely because no individuals of long-lived tree 
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Figure 1.12. a) The terrace sequence in the Karangarua River. Successive terraces were 
abandoned at times matching the four episodes of catchment-wide disturbance. b) The 
terrace sequence in the Copland River at Welcome Flat. Successive terraces were 
abandoned at times matching the three most recent episodes of catchment-wide 
disturbance. The highest terrace may have been abandoned during the Junction episode 
(based on oldest tree), but too few colonising trees were present to confidently assess this. 
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Figure 1.13. Age frequency distributions of trees sampled on the four youngest terrace treads of 
the Karangarua River (a-d), and on the terrace of the Copland River at the confluence with 
Architect Creek (e). 
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species (conifer or angiosperm) were present on the terrace. Once these individuals die out, 
probably in about 100 years, the record of the cohort will be lost. This contrasts with the 
other three terrace surfaces, which have survived up to three more recent disturbance 
episodes and terrace-forming events and have established conifer tree populations. 
In summary, a flight of successively younger terraces colonised by conifer trees has formed 
above the current floodplain of the Karangarua River, with the dates of abandonment or 
formation of the youngest three coinciding with the Sparkling, McTaggart and Junction 
episodes of disturbance in the catchment. Partial abandonment of the modem floodplain 
also coincided with the Ruera episode about 150 years ago, but unlike the other episodes 
no recruitment of long-lived trees has occurred on this surface since. 
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The terrace sequence of the Copland River was less well preserved and more difficult to 
date, due to sparse tree colonisation and greater destruction of older surfaces. However, the 
preserved record shows a similar history to the Karangarua River (figure 1.12b). 
At Welcome Flat, one terrace surface (C2) 6 m above the river dominated on both sides of 
the Copland River for the length of the Flat. I infer this to have formed during the 
Sparkling episode. The only living trees on the terrace established after a sedimentation 
event onto the terrace tread during the Ruera episode (SS7, trees up to 143 years old). A 
terrace tread below this (C1) had trees up to 139 years old (Ruera episode), and a terrace 
above (C3) had trees up to 300 years old (McTaggart episode). The most probable date of 
formation of C2 is therefore during the Sparkling episode. 
Below terrace C2 a number of younger small abandoned surfaces have formed. These are at 
different heights above the river and are restricted to small areas, generally only on one side 
of the river. This suggests that since the Sparkling episode periodic abandonment of 
portions of the riverbed has occurred, but with no consistent major terrace-forming "event. 
However, the largest and highest of these surfaces (C1) had Olearia and ribbonwood up to 
139 years old, indicating abandonment during the Ruera episode. 
Older terraces at Welcome Flat are poorly preserved due to the major terrace formation 
during the Sparkling episode. However, remnants of a third terrace (C3) 9 m above the 
river had an oldest cedar tree of 300 years (although only 6 trees had established), 
suggesting formation during the McTaggart episode. A terrace of similar height further 
down the Copland River just below Architect Ck that was densely colonised by conifers 
had trees up to 333 years old (figure 1. 13e). This confirms major terrace formation in the 
Copland River during the McTaggart episode. 
Remnants of a fourth terrace (C4) 12 m above the river were also preserved. Since its 
formation sediments have been deposited over large areas of the surface (eg HS1, HS2, 
SS6), and tree ages are therefore unreliable for age interpretations. Nevertheless, the oldest 
conifer tree was 549 years old, providing a minimum age for the terrace. It is possible the 
surface could date from the Junction episode, but this is very uncertain. 
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The information from cohort ages on disturbed surfaces and from the terrace sequence in 
the two main rivers in the catchment indicate that the four disturbance episodes are 
dominant features of the catchment. The next section examines in detail the individual 
disturbed surfaces and forest cohorts that comprised each of the episodes, and reconstructs 
the patterns of disturbance during the episodes. 
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3. Reconstruction of disturbance episodes in the last 650 years: 
THE RUERA EPISODE (c. I830AD): 
This was the most recent disturbance episode in the catchment. A total of ten distinct 
surface-forming events took place in the study area at this time, and the surfaces affected 
by erosion/sedimentation occupy 140 ha or 10 % of the stu4y area (table 1.4). The current 
preserved extent of impacts provides an exact representation of the original extent, because 
no areas of the landscape have been devastated since this time. The areas disturbed during 
the Ruera episode are shown in figure 1.14. 
All disturbance events in the Ruera episode formed totally new surfaces. These comprisCtd 
one landslide, seven sidestream sedimentations and two newly-abandoned terrace surfaces. 
A landslide took place in the lower Karangarua study site on the Ngataus fan (L3). Tree 
ages were obtained from all scattered conifer trees and the largest angiosperm trees that had 
Table 1.4. Surfaces newly-formed or modified during the Ruera episode of disturbance about 170 
i:ears ago. 
Disturbance type Events Max. tree Extent of disturbance 
age impacts (ba) 
Current Reconstructed 
Landslides: Lower Karangarua: 
Ngataus fan slip (L3) 126 44 44 
161 
New terraces: Welcome Flat 1 (C1) 139 5 5 
Karangarua 1 (K1) 107 51 51 
Sidestream Welcome Flat:· 
sedimentation: Scott Ck event (SS2) 106 20 20 (SS3) 148 
Ruera true left (SS6) 142 2 2 
Gut Ck (SS4) 125 5 5 
Hut sedimentation (SS7) 143 5 5 
Lower Karangarua: 
Rough Ck event (SS9) 132 3 3 
Fork Ck event (SS8) 136 5 5 
Ngataus fan sed. (SSlO) 117 5 5 
Episode Summary: 
Lower Karangarua 5 surfaces 107-161 103 ha (13%) 103 ha (13%) 
Welcome Flat 5 surfaces 106-148 37 ha (6%) 37 ha (6%) 
Total Stud! Area 10 surfaces 106·161 140 ha (10%) 140 ha (10%) 
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(b) 
Figure 1.14. Areas disturbed by erosion/sedimentation events during the Ruera episode of 
disturbance, in the (a) Welcome Flat and (b) Lower Karangarua study sites. 
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Figure 1.15. Age frequency distributions of cohorts of trees that indicate surface 
disturbance during the Ruera disturbance episode, for the Welcome Flat and lower 
Karangarua study sites. The species sampled for each surface are given in tables 1.2 and 
1.3. 
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colonised the silty depositional surface of the landslide (figure l.I5k, 1). The erosional 
surface was near-vertical which prevented sampling of the even-sized kamahi forest. 
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Six of the seven surfaces formed by sidestream sedimentations occupied relatively small 
areas (up to 5 ha) adjacent to stream channels. Silty aggradation surfaces around Rough Ck 
(SS9, figure l.I5j), Fork Ck (SS8, figure,l.I5i), Ngataus Fan (SSlO, figure l.I5h), Hut 
surface (SS7, figure l.I5e), RueraRiver (SS6, figure l.I5a) and Gut Ck (SS4, figure 
I.I5b) had cohorts of trees that indicated formation during the Ruera episode. 
The remaining sedimentation event at Scott Ck (SS2 and SS3, figure l.I5c, d) was more 
intense. This event deposited stones, gravel and silt up to a depth of 4 m across the entire 
width of the creek's current fan surface. The deposit has subsequently been eroded in many 
places, forming new stream channels and an extensive area of seral vegetation on its 
eastern half, while on much of the remaining area grassland or shrubby vegetation has 
persisted. However some well-preserved islands of the surface exist with dense young 
stands of colonising cedar and totara. I sampled these colonising trees (SS2, figure l.ISd). 
Also, on the western edge of the event, debris only partially buried an older surface, and 
many trees from the previous forest survived (SS3). I sampled a young cohort of trees 
established underneath these survivors (figure l.ISc). 
The oldest trees on these two surfaces (SS2, SS3) differ by 44 years. This age difference 
most probably reflects variations in colonisation delay due to site conditions. Trees on 
surface SS3 established under an existing forest canopy on a silt-rich substrate away from 
the active stream bed; consequently colonisation of conifers could have begun after the first 
seed production following the disturbance event. In contrast trees in stand SS2 colonised a 
bare stony surface at least 150 m from the nearest living trees, in an area adjacent to the 
stream bed that may have been subject to continuing flooding for some years following the 
main sedimentation event. Colonisation here would therefore be expected to be slower. The 
age difference between the cohorts on SS2 and SS3 could alternatively indicate that two 
separate events a few decades apart affected Scott Ck. However there are no features in the 
deposit or vegetation pattern that suggest two separate events. 
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THE SPARKLING EPISODE (c. 1710 AD): 
This episode of disturbance resulted in widespread surface formation and modification in 
the catchment. Fourteen separate disturbance events were preserved, currently occupying 
410 ha or 29 % of the study area (table 1.5). Many surfaces had been partially buried or 
destroyed by more recent disturbances, but the original extent of these could be 
reconstructed with confidence from the preserved remnants .. On this basis, a minimum 
estimated 500 ha or 35 % of the study area was disturbed by erosion/sedimentation during 
the Sparkling episode. These areas are shown in figure 1.16. 
Table 1.5. Surfaces newly-formed or modified during the Sparkling episode of disturbance about 
280 years ago. 
Disturbance type Events Max. tree Extent of disturbance 
age impacts (ba) 
Current Reconstructed 
Landslides: Welcome Flat: 
Prices Peak slip (L2) 240 2 2 
Lower Karangarlla: 
Ngataus fan, old slip (L4) 272 36 86 
[Fan, base cohort HS4)] 248 2 nJa 
Maimai Ck stand 247 nJa nJa 
New terraces: Welcome Flat 2 (C2) «325) 52 52 
Karangarua 2 (K2) 233 39 39 
Sedimentation Welcome Flat: 
events: Bluewater fan (HSl) 247 4 4 
Crag Ck (SS5) 255 2 10 
Debris fan Welcome Flat: 
modification: Rimu fan, right (DFl) 240 18 18 
Splinter Ck fan,left (DF3) 238 22 33 
Sparkling Ck fan (DF4) 241 51 74 
Shiels Ck fan (DF5) 237 47 47 
Lower Karangarlla: 
McTaggart Ck (DF8) 264 120 120 
Ngataus fan, old (DF9) 252 5 5 
Episode Summary: 
Lower Karangarua 5 surfaces 230-272 212 ha (27 %) 260 ha (33 %) 
Welcome Flat 8 surfaces 237-255 198 ha (32 %) 240 ha (38 %) 
Total Stud! Area 13 surfaces 230·272 410 ba (29 %) 500 ha (35 %) 
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(a) 
I 
Figure 1.16. Areas disturbed by erosion/sedimentation events during the Sparkling episode 
of disturbance, in the (a) Welcome Flat and (b) Lower Karangarua study sites. 
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Figure 1.17. Age frequency distributions of cohorts of trees that indicate surface disturbance 
during the Sparkling disturbance episode, for the Welcome Flat and lower Karangarua study sites. 
The species sampled on each surface are given in tables 1.2 and 1.3. 
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It is most probable that evidence of a few surfaces was totally destroyed by the sidestream 
sedimentations during the Ruera episode. However these surfaces represent just 6 % of the 
study area. The original extent of disturbed surfaces from the Sparkling episode can 
therefore be placed at between 35-41 % of the study area. 
All the major types of surfaces were formed during the Sparkling episode. Totally new 
surfaces formed from two landslides, a sidestream sedimentation event, two debris fan-
forming events, and two newly-abandoned river terraces. Partially modified surfaces 
comprised four debris fan modifications and two fan sedimentation events. Disturbances on 
debris fans (both new surface formation and partial modification) affected the greatest area 
of any disturbance type (263 ha), followed by new terraces (91 ha) and landslides (40 ha~. 
Stands of trees were sampled in four different plots across the Sparkling Ck debris fan 
(DF4). The combined age structure for the plots shows a clear cohort of trees established 
on the fan during the Sparkling episode, although twelve trees predated this (figure 1. 17c). 
These few older trees (aged between 340 and 270 years) were scattered amongst the 
younger cohort, and represent the few survivors of the previous cohort of trees on the 
surface. This was apparent from the age structures of the four separate stands of trees 
sampled across the extensive fan surface (figure 1.18). The stand at Creamy Ck was 
highest up the fan, in an area which had clearly been severely impacted by the Sparkling 
episode fan-forming event. Trees here (up to 265 years old) formed a narrow cohort (figure 
l.18a). The Central and Sparkling Ck stands were slightly lower down the fan but still on 
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Figure 1.18. Age frequency distributions of the four sampled stands established on the Sparkling 
Creek debris fan (DF4) that date from the Sparkling episode. 
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surfaces clearly impacted by fan formation. These stands had a few trees older than 250 
years, but distinct cohorts that were initiated about 250 years ago (figure 1.18b, c). The 
stand lowest down the fan (beside the river on boulders) and most distal from the source of 
sedimentation did not contain clear evidence of massive disturbance during the Sparkling 
episode; this is reflected in the wider age range of trees in the stand and less-prominent 
pulse of recruitment starting 250 years ago (figure 1.18d). . 
The erosion surface above the Sparkling Ck fan consists of ca. 1200 m of near-vertical rock 
face; the only causes for major disturbance on the fan are therefore rockfalls or snow 
avalanches. Avalanches are a most unlikely cause in this case, given the evidence for large-
scale erosion and sedimentation throughout the catchment at this time. The most probable 
cause of disturbance on the fan during the Sparkling episode is therefore a large rock and 
debris fall event. 
Stands of trees were also sampled on four different parts of the most-recently disturbed 
portion of the McTaggart debris fan (DF8). The combined age frequency distribution for 
these is shown in figure 1. 17h, and for the individual stands in figure 1.19. The stands 
occupied a steep sloping surface, a broad drainage channel about 50 m wide, a flat silty 
deposition surface, and a gently sloping surface dissected by many small drainage channels. 
In all stands tree recruitment began about 250 years ago. The sloping surface (figure 1.19a) 
was dominated by mature kamahi with only scattered mature conifers. 
Conifer regeneration under the kamahi canopy was still continuing, with many saplings of 
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Figure 1.19. Age frequency distributions of the four sampled stands established on the McTaggart 
Creek debris fan (DFS) that date from the Sparkling episode. 
rimu and miro present. This explains why the conifers in this stand spanned a wider age 
range than the other (conifer-dominated) stands. 
Major tree recruitment during the Sparkling episode on four other debris fans indicated 
widespread surface modification on these landforms (Ngataus fan, DF9, figure 1.171; 
Shiels Ck fan, DF5, figure 1.17e; Splinter Ck fan, DF3, figure 1.17b; Rimu fan, DFl, 
figure 1.17g). This cohort was dominant on the Splinter Ck fan, suggesting severe 
disturbance took place here. Below the fan, a silty depositional surface overlying old 
terrace gravels extends to the main river and across to Crag Ck (surface SS5). A dense 
stand of cedars on this surface occupies the true right bank of Crag Ck, and ages of these 
trees indicate disturbance synchronous with the Splinter Ck fan (figure 1.17a). Recent ' 
disturbance from ephemeral watercourses has destroyed the continuity of this surface and 
resulted in a jungle of seral species, but the occasional preserved cedar tree allows this 
surface to be traced to the base of the Splinter Ck fan. This provides evidence for a major 
sedimentation event originating from erosion on the fan and from Crag Ck during the 
Sparkling episode. 
A pulse of tree recruitment 250 years ago on the broad surface of Bluewater fan (HS 1, 
figure 1.17 g) indicated disturbance here also (figure 1.17f). 
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Cohorts of trees on the two landslides (L2, L4) were narrowly even-aged (figure 1.l7d and 
j). A few totara and miro had survived the slide on L2, and these older trees are evident in 
the age structure (figure 1.17d). Many even-sized kamahi stands that have established on 
old landslides occur along the front-range of the catchment outside of the study area, and 
these look identical in structure to the stands sampled on the landslide in the lower 
Karangarua. These stands were likely initiated during the same episode. To check this, I 
sampled trees in one typical stand in the headwaters of Maimai Ck. The age structure of 
kamahi in this stand (figure 1. 17k) confirmed its synchrony with the stands in the main 
study areas. Similar stands occupy many hectares on the steep front-ranges of the 
Karangarua catchment, and it is most likely that all the landslides were triggered during the 
Sparkling episode. 
70 
THE McTAGGART EPISODE (c. 1630AD): 
Surfaces disturbed during this episode of disturbance were prominent in the current 
landscape, despite the impacts of the more recent disturbances, and occupied the greatest 
current area of any episode. Twelve events were still preserved, occupying 440 ha or 31 % 
of the study area (table 1.6). Based on the available record, a minimum of 455 ha or 32 % 
of the study area was disturbed by erosion and/or sedimentation during the McTaggart 
episode (table 1.6).These surfaces are shown in figure 1.20. Most partially-modified 
surfaces that were disturbed during the Sparkling episode were also disturbed during the 
McTaggart episode; in addition, several other surfaces not affected greatly by the Sparkling 
episode were disturbed, and the only debris avalanche in the catchment occurred at this 
time. These factors indicate the McTaggart episode was very large-scale. 
Table 1.6. Surfaces newly-formed or modified during the McTaggart episode of disturbance about 
360 years ago. 
Disturbance type Events Max. tree Extent of disturbance 
age impacts (ha) 
Current Reconstructed 
Debris avalanches: McTaggart Ck (DA) 330 215 215 
Landslides: Splinter Ck true right (Ll) 322 16 29 
New terraces: Welcome Flat 3"(C3) 300 4 4 
Karangarua 3 (K3) 307 110 110 
Architect Ck 333 n/a n/a 
Sedimentation Welcome Flat: 
events: Bluewater fan (HS 1) 345 12 12 
Scott Ck true left (SS3) 342 13 15 
Rimu fan base (HS2) 344 2 2 
Lower Karangarua: 
Junction surface (HS3) 310 10 10 
Debris fan Welcome Flat: 
modification: Rimu fan, left (DF2) 350 6 6 
Shiels Ck fan (DF5) 343 47 47 
Lower Karangarua: 
Ngataus fan, old (DF9) 335 5 5 
Episode Summary: 
Lower Karangarua 4 surfaces 307-335 340 ha (43 %) 340 ha (43 %) 
Welcome Flat 7 surfaces 300-350 100 ha (18 %) 115 ha (20 %) 
Total Stud! Area 11 surfaces 300-350 440 ha (31 %) 455 ha (32 %) 
Figure 1.20. Areas disturbed by erosion/sedimentation events during the McTaggart 
episode of disturbance, in the (a) Welcome Flat and (b) Lower Karangarua study sites. 
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Figure 1.21. Age frequency distributions of cohorts of trees that indicate surface 
disturbance during the McTaggart disturbance episode, for the Welcome Flat and lower 
Karangarua study sites, The species sampled on each surface are given in tables 1.2 and 
1.3. 
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240 ha (17 %) of the study area is currently occupied by totally new surfaces formed during 
the Ruera and Sparkling episodes, and given the above comparisons it is probable that at 
least some of this area was also disturbed during the McTaggart episode. This is especially 
likely given that many sites are clearly prone to repeated landsliding and major 
sedimentation. However, all direct evidence to support this has been destroyed. Depending 
on the proportion of younger new surfaces that were disturbed at this time, the original 
disturbance impacts could therefore have occupied up to 50 % of the study area. 
Preserved surfaces that date from the McTaggart episode occur on all landforms and were 
formed by all main types of disturbance. These comprised a debris avalanche, landslide, 
sidestream sedimentation, new telTace formation, two debris fan modifications a~d two, 
hillslope fan formations (table 1.6). 
The largest disturbance event during the episode was the debris avalanche at McTaggart Ck 
(DA). This avalanche originated in the upper creekbed at a height of at least 1200 m, and 
travelled down the creek and across the Karangarua Valley to its far side (a distance of over 
2 km). The avalanche affected at least 215 ha of valley and hillside. The Karangarua River 
has subsequently cut through the deposit down to old moraines at the base, revealing at 
least 30 m depth of deposit at this point. 
Figure 1.22 shows the details of the McTaggart Ck site. The stumps at river level were 
rooted in place, and have apparently been buried by a debris avalanche of schist debris and 
fan gravels which snapped the trees and buried the stumps. A fan surface then developed 
on top of the debris avalanche, and a new forest colonised this fan surface. 
Sapwood from a buried rimu stump collected by P. Wardle gave a radiocarbon date of 360 
± 60 BP (Wardle 1980). Wood was collected from a miro stump by M. Yetton in 1997, and 
gave a high resolution date of 430 ± 25 BP. Given the high chance that some of the 
sapwood has been removed from the stumps by abrasion and decay since exposure, these 
dates provide maximum ages for the event. 
Sapwood from a broken rata branch buried 10 m up in the deposit was also collected and 
dated. This gave a date of 320 ± 60 years BP (WK5266). 
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Figure 1.22. The exposure in the Karangarua River of the McTaggart Creek debris avalanche 
(DA), and summary of the date infonnation from the debris avalanche. All the dates can be 
reconciled to approximately 1625 AD ± 10 years. All14C dates show 20- limits and have had a 
40 year offset subtracted (Vogel et aI., 1993). Calibration is after Stuiver & Reimer (1993). 
Upper figure drawn by Mark Yetton, and reproduced from Yetton et al. (1998). 
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An elevated ridge on the deposit directly above the Karangarua River remained undisturbed 
by erosion during the Sparkling episode, and so contained a stand of the vegetation that 
colonised the debris avalanche. Conifer trees on this surface were up to 330 years old 
(figure 1.21k), indicating they established during the McTaggart episode. 
This combined date information is plotted in figure 1.22, with radiocarbon dates converted 
into calendric years (calibration after Stuiver & Reimer (1993), with a 40 year southern 
hemisphere offset subtracted (Vogel et al., 1993)). The three radiocarbon dates are 
reconcilable, but have inevitably broad date ranges. The oldest trees provide a minimum 
age; assuming a colonisation delay of about 30-50 years this is reconcilable with the 
radiocarbon dates. The best fit for the information is therefore a date of formation of the' 
debris avalanche around 1625 AD. 
At Welcome Flat one landslide surface was preserved from the McTaggart episode (true 
right of Splinter Ck, L1). Five kamahi aged on the steep erosional surface were between 
260 and 324 years old. Below these stands the depositional surface extended as a tongue of 
kamahi/totara forest along the Sierra Range and towards the Copland River. Ages of 
kamahi and totara in this stand indicated a relatively even-aged cohort had colonised during 
the McTaggart episode (figure 1.21c). Older totaras were also present, mainly on sites 
elevated up to 20 m above the floor on boulders, indicating that the disturbance had not 
totally devastated the previous land surface. A major pulse of conifer recruitment also 
occurred at this time on the debris fan adjoining the steep erosional landslide surface (DF2, 
figure 1.21g). At the base of this, cedars on a silty surface were up to 344 years old (HS2, 
figure 1.21d. See also figure 1.6 for diagram of these surfaces). This surface probably 
formed from sedimentation from DF2 and landslide Ll. This combined information 
identifies major landsliding on hillsides and erosion of fan surfaces, and consequent 
formation of a depositional surface around Splinter Ck. 
Trees in the post-disturbance cohorts on the Shiels Ck fan (DF5, figure 1.21e) and Junction 
surface (HS3, figure 1.21k) were spread over the whole extent of the surfaces, indicating 
widespread surface modification during the McTaggart episode. On the Ngataus Fan (DF9, 
figure 1.211) trees of this age were restricted to the eastern edge of the fan, and did not 
spatially overlap with trees that established during the Sparkling episode. 
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Cedar and totara growing on the lower part of the old sedimentation event preserved on the 
true left of Scott Ck (SS3, figure 1.21a) dated the event during the McTaggart episode. 
Some of these trees were on the coarse-textured sloping fan formed from Scott Ck, while 
others were just off the fan on an old terrace surface buried by siltation. 
The nine oldest trees on the upstream end of the Bluewater fan (HS1, figure 1.21f) were 
between 285 and 345 years old, indicating minor sedimentation during this episode. 
THE JUNCTION EPISODE (c. 1450 AD): 
Remaining evidence of this disturbance episode was restricted to relatively stable debris 
fans and sites away from areas of recurrent new surface formation. Four surfaces disturbed 
during the Junction episode were identified, occupying 70 ha (5 %) of the study area (table 
1.7). This area was reconstructed to 85 ha (6 %) based on surface remnants, but because of 
the many devastating disturbances on most sites since this time it was not possible to infer 
its extent in any more detail. The disturbed areas are shown in figure 1.23. 
Tree recruitment pulses on three debris fans at Welcome Flat dated from this episode (DF7, 
DF2, and DF7; figure 1.24a, b, c). This was most clearly preserved on surface DF1 (figure 
1.24b). Most of this surface had not been disturbed during the Sparkling episode, and trees 
of "Junction" age predominated. Trees of Junction age were widely scattered across the 
two remaining surfaces. Surface DF7 contained only a very few scattered trees of cedar and 
totara, on areas of well-developed soils that appeared to be remnant 'islands' of a 
previously-extensive surface. These areas were surrounded by a thick seral scrub that had 
colonised coarse debris exposed by stream channels and ephemeral watercourses draining 
the steep rocky mountainsides. Six of the twelve conifer trees had ages between 475-532 
years. This information suggests that the last sedimentation event on this fan system that 
initiated conifer regeneration was during the Junction episode, and that since then frequent 
smaller-scale disturbances around drainage ways have maintained seral vegetation over 
much of the surface. 
Table 1.7. Surfaces newly-fonned or modified during the Junction episode of disturbance about 
550 ~ears ago. 
Disturbance type Events Max. tree Extent of disturbance 
age impacts (ba) 
Current Reconstructed 
New terraces: Karangarua 4 (K4) 532 3 3 
Sedimentation Lower Karallgarua: 
events: Junction surface (HS3) 514 10 10 
Debris fan Welcome Flat: 
modification: Rimu fan, true right (DFl) 517 18 18 
Rimu fan, true left (DF2) 532 8 8 
Ruera-CoEland fan (DF7) 531 43 58 
Episode Summary: 
Lower Karangarua 2 surfaces 514-532 13 ha (1.5 %) 13 ha (1.5 %) 
Welcome Flat 3 surfaces 517-532 57 ha (9 %) 72 ha (12 %) 
Total Stud~ Area 5 surfaces 514-532 70ba(5%) 85 ba (6 %) 
The cohort of kahikatea on surface HS3 (figure 1.24e) was mixed with trees from the 
younger cohort, and these fonned a dense stand. 
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In the lower Karangarua a terrace 9.5-10 m above the modern river dating from this 
episode was preserved (K4, figure 1.24d). The terrace was the third above the modern river 
level, and only a small area of it remained. The surface was very silty and scattered 
colonising matai and kahikatea were present. The oldest tree on the terrace, a large matai, 
was 532 years old. Several other trees had also colonised at about this time following 
terrace abandonment. A younger cohort has since established on this terrace, evident i~ the 
age structure. This cohort dates from the McTaggart episode (oldest tree is 350 years), and 
probably established following siltation of the terrace during this episode. 
Figure 1.23. Areas disturbed by erosion/sedimentation events during the Junction episode 
of disturbance, in the (a) Welcome Flat and (b) Lower Karangarua study sites. 
78 
6 
4 
2 
0 
6 
en 
8l 4 
!:: 
'0 
ci 2 
Z 
Welcome Flat: 
0 
New surfaces: 
a)DF7 (n=12) 
200 400 600 
Lower Karangarua: 
New surfaces: 
d) Terrace K4 
(n=17) 
o --trrTTTTrrH-ftttImtltttn 
o 200 400 600 
Age class 
Partially-modified surfaces: 
6 c) DF2 (n=19) b) DF1 (n=52) 
9 
4 
6 
3 2 
0 0 
0 200 400 600 0 200 400 600 
Partially-modified surfaces: 
6 
e) HS3 (n=27) 
4 
2 
o --trrTTTTtttHlttti-ttt++trn 
o 200 400 600 
Figure 1.24. Age frequency distributions of cohorts of trees that indicate surface 
disturbance during the Junction disturbance episode, for the Welcome Flat and lower 
Karangarua study sites. The species sampled on each surface are given in tables 1.2 and 
1.3. 
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OTHER DISTURBANCE EVENTS IN THE STUDY AREA: 
. Several disturbance events that initiated forest recruitment were recorded in the study area 
in the last 650 years at times outside of the four main episodes (figure 1.25 and table 1.8). 
The most prominent of these was a major sedimentation event of Splinter Ck (surface 
SS1). The extent of the disturbance was clearly indicated by a 1 ha area of young 
vegetation. Cedar and totara that had colonised the surface were up to 199 years old (figure 
1.25a). A cohort of cedars had also established about 200 years ago by the Copland River 
at the base of Shiels fan (DF6, figure 1.25b). These trees were growing on a steep bank 
above the river on top of large rocks, and had probably established following slumping of 
the river bank. 
A small clump of trees on the Bluewater fan (HS1) established about 400 years ago, 
presumably after a minor sedimentation event onto that area of the fan (figure 1.25c). This 
disturbance is inferred from only eight trees, which makes it uncertain. However a 
disturbance event at this time was also indicated by trees on a silty fan outside the study 
areas on the true right of the upper Copland River opposite Te Kano Ck (figure 1.25d). 
This stand was sampled because it was the only dense cedar stand in the Copland Valley 
outside of the Welcome Flat study site. 
A number of small disturbances have affected both study sites during the last 60 years too. 
At Welcome FIat areas of recent sidestream erosion are apparent around Scott Ck and 
Splinter Ck. These are dominated by low seral Olearia scrub up to about 3 m tall, and the 
disturbances probably took place no more than 50-60 years ago. In the lower Karangarua 
three small landslide scars were also identified which were not present on aerial 
photographs taken in 1986. 
Three much older disturbance events in the study area were also identified and dated from 
buried logs and stumps using 14C. At Welcome Flat trees buried in growth position by 
alluvial sedimentation of the Copland River have been re-exposed by the current riverbed. 
These provide evidence of a major sedimentation event in the past. Exposed trees were 
present at three areas of the Flat in 1996: 300 m below Scott Ck in the Copland River, in 
the old riverbed directly beside surface SS4, and in the bed of the Ruera River from its 
Table 1.8. Disturbance events in the study area that took place at times outside of the four 
prominent episodes. 
Site Disturbance Type Age Extent of 
Impacts 
Forested surfaces: 
Splinter Ck (SS 1) Sidestream sedimentation 199 years 19 ha 
River bank collapse (oldest tree) 
Copland River, by Shiels 192 years 1 ha 
fan (DF6) (oldest tree) -
Fan sedimentation 
Bluewater fan (HSl) 391 years 1 ha 
(oldest tree) 
Scrub-covered surfaces: 
Scott Ck Stream bed abandonment <20 years 10 ha 
Splinter Ck Sidestream erosion <30 years 10 ha 
Radiocarbon-dated events: 
Welcome Flat River aggradation 1520± 55 BP 150 ha 
(NZI293) 
Ngataus Fan Rock avalanche 2150 ± 60BP 85 ha 
(WK5269) 
Schist Ck Debris flow 121O± 50 BP 40ha 
(WK5268) 
12 a) SSl (n=22) 6 b) DF6 (n=ll) 6 c) HS1 (n=8) 6 d) Upper Copland. 
Cedarsltotaras Cedars Cedars opposite Te Kano Ck 
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Figure 1.25. Age frequency distributions of cohorts of trees on surfaces disturbed at times other 
than during the four disturbance episodes. All sites were in the Copland Valley. 
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confluence with the Copland to the end of the Flats. Radiocarbon analysis of wood from 
buried trunks in the Copland and Ruera Rivers gave an age of 1520 ± 60 years BP (Wardle 
1980a, NZ1293). 
In the lower Karangarua a large rock avalanche deposit was identified on the surface HS3. 
Boulders in the Karangarua River just below the confluence with the Copland River were 
deposited by this event. The deposit is on top of an old terrace surface, and consists of a 
chaotic mass of debris ranging from large boulders to fine gravel. Many large tree trunks, 
branches and twigs are contained in the deposit also. Radiocarbon analysis of small twigs 
collected from the middle of the deposit gave an age of 2150 ± 60 years BP (WK5269). 
A debris flow was also identified at Schist Ck that had deposited up to 3 m of silts and 
gravel onto an old terrace surface. Twigs from the base of the deposit gave an age of 1210 
± 50 years BP (WK5268). 
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4. Comparisons Between Disturbance Episodes: 
The four major disturbance episodes described in the preceding sections differed greatly in 
the extent and type of landscape impacts. The key details of disturbance impacts during the 
four episodes in the Karangarua catchment are summarised in tables 1.9 and 1.10. The 
original extent of surface disturbance could be estimated to within relatively tight bounds 
(0-17 %) for the most recent three episodes. It was not possible to estimate an upper limit 
for the Junction episode, however, because over 80 % of the landscape had been disturbed 
during the more recent episodes. 
The Ruera episode differed from the other three episodes in a number of important ways: 
First, no landforms were disturbed by partial surface modification (tables 1.9 and 1.10). All 
surfaces formed were totally new, resulting from sedimentation events and one landslide. 
Second, no debris fans were disturbed during the Ruera episode. In contrast, debris fan 
formation or modification was a major component of disturbance during the three other 
episodes. Debris fans are an important landform in the catchment, and occupy 439 ha (31 
%) of the study area. All cohort recruitment on the debris fans took place during the 
Sparkling, McTaggart and Junction episodes and no cohorts established during the Ruera 
episode, or during any of the isolated disturbance events since 1350 AD. Third, complete 
terrace abandonment in the Karangarua River accompanied the Sparkling, McTaggart and 
Junction episodes, and these are preserved as a successive sequence above the modem 
river. Evidence of the terrace surface colonised during the Ruera episode, however, is 
unlikely to be preserved because no long-lived trees have colonised the surface and because 
it is not free from river flooding. Consequently it is likely to be disturbed and recolonised 
during any future major disturbance episode. 
Overall, the Sparkling and McTaggart episodes stand out as catchment-wide periods of 
exceptionally large-scale and severe disturbance impacts. Disturbed surfaces occupied a 
very significant proportion of the study area (> 30 %), and disturbances impacted all types 
of landform throughout the catchment. This included debris fan formation and 
modification, and new terrace formation. 
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Table 1.9. Summary of the estimated total areas affected by disturbances during the four episodes 
in the Karangarua catchment study sites. 
Episode Study area Extent of surface Disturbance types 
disturbance [ha (%)] 
New Partially Total 
modified 
Ruera Welcome Flat 37 (6) 37 (6) Landslide, terrace 
Lower Karangarua 103 (15) 103 (13) abandonment, sidestream and 
Combined 140 (10) 140 (10)- hillslope sedimentation. 
Sparkling Welcome Flat 138 (22) 102 (16) 240 (38) Landslides, new terraces, 
Lower Karangarua 245 (31) 15 ( 2) 260 (33) hillslope sedimentation, debris 
Combined 383 (27) 117 ( 8) 500 (35) fan modification. 
McTaggart Welcome Flat 33 ( 5) 92 (15) 125 (20) Landslides, new terraces, debris 
Lower Karangarua 325 (41) 15 ( 2) 340 (43) avalanche, hillslope 
Combined 358 (25) 107 ( 8) 455 (32) sedimentation, debris fan 
modification. 
Junction Welcome Flat 72 (12) 72 (12) New terraces, hills lope 
Lower Karangarua 3 ( 0.5) 10 ( 1) 13 ( 1.5) sedimentation, debris fan 
Combined 3 ( 0.2) 82 ( 6) 85 { 6) modification. 
Table 1.10. Summary table of the proportion of the study area disturbed during the four disturbance episodes, 
and the key features of disturbance impacts during each episode. 
Episode Area Key Features Of Disturbance 
Disturbed 
Ruera 10% =:} Sidestream sedimentations dominant 
=:} No partial surface modification 
=:} No debris fan disturbance 
=:} Partial terrace abandonment; preservation unlikely 
Sparkling 35 - 40 % =:} All landforms affected by disturbance 
=:} New terrace formation preserved 
=:} Large-scale debris fan disturbance 
McTaggart 32 - 50 % =:} All landforms affected by disturbance 
=:} New terrace formation preserved 
=:} Large-scale debris fan disturbance 
Junction >6% =:} Not possible to reconstruct original extent or impacts 
=:} New terrace formation preserved 
=:} Large-scale debris fan disturbance 
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While the Ruera episode was still catchment-wide, its severity and landscape impact were 
clearly significantly less than that of the Sparkling or McTaggart episodes. A much smaller 
proportion of the study area (10 %) was disturbed, and disturbances resulted solely in the 
formation of totally new surfaces. Apart from one landslide, all disturbed surfaces were 
adjacent to watercourses. Evidence of disturbance on debris fans was lacking, and, while 
some terrace formation took place, the preservation of a consistent terrace tread is unlikely. 
It is difficult to compare the severity of the Junction episode, because of the uncertainty in 
reconstructing its original extent and impacts. However, some factors suggest this episode 
was likely to have involoved disturbance on a scale more similar to the Sparkling and 
McTaggart episodes than the Ruera episode. Most of the preserved evidence of the 
Junction episode was on debris fans. Also, terrace formation was preserved. These features 
typify the Sparkling and McTaggart episodes, but not the Ruera. Given these similar 
disturbance characteristics, it is probable that the Junction episode also represented a 
catchment-wide period of exceptionally large-scale and severe disturbance impacts. 
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5. Errors in surface age estimates: 
Tree colonisation as a surface dating technique has significantly smaller errors than other 
techniques commonly used for this purpose, such as radiocarbon. Nevertheless it does have 
associated error. This section investigates the predictability and magnitude of the dating 
error. 
Accuracy of disturbance-date estimates from forest colonisation 
The oldest colonising tree on an individual surface will underestimate the actual date of the 
disturbance event and surface formation (Norton et al. 1987; Norton & Ogden 1990). This 
is because of three main sources of variation: (1) variation in the time taken for 
colonisation and growth to sampling height of the first tree, (2) failure to sample the very 
first colonising tree on a surface, and (3) error in estimating the ages of individual trees 
from increment cores. I consider these factors in greater detail: 
1) Variation in time for colonisation and growth to sampling height of the first tree: 
The time between an initial disturbance event and the colonisation and growth to core 
sampling height (1 m) of the first individual of the long-lived tree species on the surface is 
an important source of variation. This period may be affected by factors such as the extent 
. 
of bared surface, the proximity of mature vegetation, the degree of ongoing destabilisation 
and reworking of the surface over the following few decades, and the site requirements and 
growth rates of the colonising species. 
To quantify the likely magnitude and variability of this delay, I obtained information on 
disturbed surfaces in western South Island with a known date of formation and with a 
record of the date at which the first individual of the species I aged in the Karangarua 
successfully colonised. Information on ten surfaces was located from published studies 
(Wardle 1980a; Allen & Rose 1983; Bray 1989; Mark & Dickinson 1989). I identified a 
further nine new surfaces in south Westland for which the actual year of formation was 
known or could be determined to within 5 years, and examined vegetation colonisation on 
each site. Key information for the 19 sites is presented in table 1.11. 
Table 1.11. Observed colonisation delays of key conifer and angiosperm species from 19 new 
surfaces in western South Island locations. 
Surface location Surface description Colonising Colonisation delay 
s~ecies noted (first tree to 1 m) 
Published studies: 
Bray (1989),Western 1. Alluvial surface Kahikatea 'Present' in 5 yrs 
Nelson 2. Hillslope, fire Rimu, miro 'Present' in 20 yrs 
3 & 4. Mined terrace surfaces (2) Rimu, miro, cedar, 'Present' in 40 yrs 
kahikatea, totara, 'Present' in 30-36 yrs 
matai, rata, kaIilahi 
5. Fire, on south-facing slope Rimu, totara, miro 'Present' in 40 yrs 
Mark & Dickinson Landslide on steep hillside Kamahi, rata, beech 'Present' in 15 yrs, 
(1989), Fiordland 'young trees' in 27 yrs 
Wardle (1980a), 1. Moraine gravels Kamahi, rata 'Present' after 8 yrs 
Westland National 2. Outwash gravels Kamahi, podocarps Open shrubland at 20 yrs, 
Park 'usually contains 
podocarp seedlings' 
3. Boulders Kamahi, rata 'Present' in 12 yrs 
Allen & Rose (1983), Landslides Kamahi, rata 'Abundant' after 20 yrs 
Fox Valier 
Other Surfaces: 
Karangarua River: 
1. Schist Ck Landslide on steep slope. Coarse, Rata, Olearia, <11 yrs 
rocky deposit. Formed post 1985. kamahi 
2. Fork Ck Landslide on steep slope. Smooth Rata, rimu, kamahi <11 yrs 
erosion surface overlying bedrock. 
Formed post 1985. 
3. Ngataus fan Landslide on mod. steep slope. Rata <11 yrs 
Coarse, rocky deposit. Formed post 
1985. 
4. Troyte River Landslide on mod. steep slope. Rata, Olea ria 19 yrs 
Silty erosion surface with some 
large rocks. Formed in 1977. 
Copland River: 
1. Opposite Jungle Landslide above river. Coarse, Rata, Olearia Trees 4 m tall after 45 yrs. 
Ck rocky deposit. Formed in late Estimated 35 yrs to 1 m 
1940's. 
2. Above Te Kano Ck Landslide from Sierra Range in Rata, Olea ria Trees 2 m tall after 27 yrs. 
1968. Coarse deposit. Estimated 20 yrs to 1 m 
3. Splinter Ck Landslide on very steep slope. Totara, rata, <11 yrs 
Erosion surface of variable texture. kamahi, miro 
Formed post 1985. 
Robinson Fan, Large gravelly fan surface which Rimu, kahikatea, 28 yrs 
Waitaha Valley formed from landsliding in the to tara 
creek in 1903. Deposit over 1 km 
wide and up to 10 m thick 
Mahitahi Valley Landslide on hillside beside road Kamahi Up to 60 cm in 1996. 
just south of the Mahitahi valley. Estimated 20 yrs to reach 
Steep erosion surface. Formed post 1m 
1985 
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The sites studied by Bray (1989) provided ages for the "earliest observed successful 
entrance of each species" into the regeneration sequence. The ages from the sites of Mark 
& Dickinson (1989), Wardle (1980a) and Allen & Rose (1983) represent the stage where 
seedlings of the species were present abundantly, but no indication of the height of 
seedlings is given. It is therefore uncertain exactly when any individuals reached up to 1 m 
tall. Nevertheless these data indicate that colonisation times- did not vary greatly and were 
under 40 years in all cases. 
The sites I sampled provide more certain information for growth to 1 m. Five slips were 
identified that were not present in aerial photos taken in 1985, while the actual year of 
disturbance was known for four other sites (table 1.11). The first colonisers at all sites had 
reached 1 m tall within 35 years, and for most angiosperm species within 15 years. The 
first podocarp colonisation on the most extensive disturbed surface sampled (Robinson 
Fan) was present within 28 years. 
The combined information on colonisation delays covers a wide range of species, 
substrates and scales of disturbance. Despite these varying factors, the colonisation delay 
for the first arrival on all 19 surfaces was less than 40 years. On some surfaces species 
often considered to require some type of facilitative vegetation, such as rimu and miro, 
were among the first plants to establish and were present as quickly as ten years after the 
disturbance. Even on very extensive new surfaces (eg Robinson Fan) the first colonising 
trees were present by about 25-40 years after the disturbance. 
This information indicates that initial colonisation can sometimes be rapid, within 5-10 
years, and is unlikely to take longer than 40 years. The mean colonisation delay for karnahi 
and rata on the 15 surfaces where they were present was 19 years, with a median of 20 
years. For the conifer species the mean delay on 9 surfaces was 23 years, with a median of 
28 years. The median is likely to give a better estimate of 'normal' delays than the mean, 
because it reduces the influence of single very high or low values. Overall, then, this 
comparison indicates that the angiosperm species are likely to colonise new surfaces about 
10 years more rapidly than conifer species, but both may range between about 5 and 40 
years. 
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2) Failure to sample the first colonising tree: 
It was not possible to core all large colonising trees on most surfaces, and a sample was 
taken on all but three surfaces. The very oldest tree on many surfaces may therefore not 
have been sampled. Almost all cohorts had an abrupt onset of massive tree recruitment 
during one 25-year period, indicating that a gradual increase in establishment over many 
years following disturbance did not usually occur. However, many cohorts in the study area 
had one or two older trees that established up to 20-30 years before the onset of massive 
tree recruitment on the surface. It is probable that on a number of surfaces, these few rapid 
colonisers were not sampled, resulting in underestimation of the date of disturbance. 
3) Error in estimating tree age from increment cores: 
Errors in aging a single tree arise from missing growth rings and from estimating the 
number of rings in missing parts of cores that fail to reach the centre of a tree. In this study 
the maximum tree age in a cohort was required to have an arc that added on less than 20 
years for the missing portion. While missing rings could be present in the conifer species I 
cored (especially rimu and totara), they are likely to be very few because the post-
disturbance trees grew rapidly with few periods of narrow growth observed. Also, the 
sampling technique minimised the problem by coring trees along the longest radius (cf 
Duncan 1989). The potential error from tree aging is therefore unlikely to exceed about 10 
years. 
Because tight arc criteria were used in identifying the oldest tree on a surface, some trees 
that gave older ages than the selected trees (due to greater additions for arcs) were present 
on several surfaces. This factor could increase the error, as the largest and possibly oldest 
trees are the most difficult to get near the centre with core samples. 
The overall error in surface dating from tree ages will reflect all three factors outlined 
above. The largest difference could be envisaged on a site which underwent slow 
colonisation (40 years), where one of the few oldest trees was missed in sampling (up to 20 
years), and in which the oldest tree had a number of missing rings (up to 10 years). In such 
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a case, tree age at coring height could underestimate the actual date of surface formation by 
up to 70 years. At the other extreme, the age at coring height of the oldest tree on a rapidly-
colonised surface could underestimate the date of surface formation by as little as 5 years. 
Most cohorts of trees sampled in the Karangarua study area had one to ten trees that 
slightly pre-dated the onset of massive tree recruitment on the surface. This suggests that 
some of the earliest colonisers were sampled on most surfaces. The difference between the 
date of surface formation and the age of the oldest sampled tree on most of the surfaces is 
therefore likely to be primarily the result of the delay in colonisation. On this basis the 
actual date of surface formation in most cases is probably from 5-45 years earlier than the 
age of the oldest sampled tree. Tree age could underestimate the date of formation of a few 
surfaces by up to 70 years. 
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6. Tree-ring growth releases and suppressions: evidence for the episodes in disrupted 
growth of surviving trees. 
Trees that survive an earthquake event or disturbance episode may record the event in their 
radial growth pattern. Most commonly the impacts are expressed as synchronous growth 
suppressions (caused by damage to trees) or releases (caused by death of competitors) 
evident in the growth rings of trees in or near the disturbed area (Sheppard & Jacoby 1989; 
Jacoby et al. 1997). Temperature extremes can also cause abnormal growth in trees, but 
synchronous releases and suppressions coinciding with widespread establishment of new 
forests in the study area would link any growth anomalies to the disturbance events. 
I analysed growth of 32 old (> 300 years) mountain cedar at Welcome Flat that were 
growing amongst cohorts of trees established after disturbance events, but that were older 
than the post-disturbance cohort and therefore likely to record the events in their rings. I 
defined an abrupt release/ suppression in radial growth as a> 150 % increase/ decrease in 
mean ring width between consecutive 5-year means, and identified the starting date of all 
such growth anomalies in the 32 trees by ring counting from the outermost ring. 
The combined information on releases and suppressions for the 32 mountain cedars at 
Welcome Flat is shown in figure 1.26. Over the last 450 years, four time periods had at 
least 10 % of trees showing a release (1610-20,1710-20,1820-1840,1960-70 AD)(figure 
1.26a), and five periods had at least 10 % of trees showing a suppression (1610-20, 1710-
20, 1750-60, 1820-30, 1900-20 AD)(figure 1.26b). The combined plot (figure 1.26c) shows 
six decades of unusually common tree impacts (> 15 % of trees affected)(161O-20, 1710-
20,1770-80,1820-30,1900-20,1960-70). However, of these decades three (1610-20, 
1710-20 and 1820-30) were unusual in that many trees showed a growth release and many 
others showed a growth suppression. Other decades with several affected trees (1770-80, 
1900-20, 1960-70) contained either many suppressed or many released trees but not both; 
these could well reflect trees responding in the same way to temperature extremes. 
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a) Proportion of trees showing a growth release. 
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Figure 1.26. Frequency distribution of growth releases and suppressions in 32 mountain cedars 
from Welcome Flat. A suppression/release was defined as a greater than 150 % difference in mean 
growth rate between consecutive 5-year means. a) The frequency of growth releases. b) The 
frequency of growth suppressions. c) The combined frequency of releases and suppressions from 
a) and b). Decades marked with arrows contain> 10 % released and> 10 % suppressed trees. 
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Each of the three decades of major release and suppression coincides with an episode of 
major catchment-wide disturbance (figure 1.27. In figure 1.27a figure the mode 
colonisation delay of 28 years has been added to the maximum tree ages). Given this 
correspondence, it is most likely that these tree growth anomalies record the impacts of the 
McTaggart, Sparkling and Ruera episodes of catchment-wide disturbance. 
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Figure 1.27. A comparison of the dates of the three most recent episodes of landscape disturbance 
and forest establishment in the Karangarua catchment (graph a) with the decades of major growth 
releases and suppressions in cedars at Welcome Flat (graph b). Maximum trees ages in a) include a 
28-year addition for the expected delay in tree colonisation after disturbance. 
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In the lower Karangarua study site, one large matai tree on terrace K4 (tree K4-l) recorded 
a growth impact from disturbance during the McTaggart episode. The matai tree had 
established on the terrace about 520 years ago (Junction episode), along with several other 
colonising conifers (figure 1.28, inset graph). This terrace was re-disturbed during the 
McTaggart episode, indicated by a younger cohort of trees that established about 350 years 
ago (figure 1.28, inset graph). Trees in this younger cohort were interspersed amongst the 
older terrace colonisers. 
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Figure 1.28. Plot of the ring width series of matai tree K4-1, on terrace K4 in the lower 
Karangarua study site. A major growth suppression began in 1622 AD (based on ring counting). 
This date coincides with the establishment of a younger cohort on the terrace during the 
McTaggart episode (see lower graph), and the suppression most likely records this disturbance. 
Accounting for possible missing rings in the matai, the suppression dales from 1617 AD ± 5 years. 
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Tree K4-1 showed high initial growth rates for the first 3D-plus years, followed by a sudden 
severe growth suppression (figure 1.28). Growth never returned to its previous high level 
following this disruption. Based on ring counting the suppression occurred in 1622 AD. 
However this is a minimum age because of the possibility of missing rings; accounting for 
this, the suppression occurred in 1617 AD ± 5 years. This date agrees with the timing of 
disturbance in cedars at Welcome Flat of 1610-1620 AD and the timing of the McTaggart 
Creek debris avalanche (1625 AD ± 10 years), and is consistent with a colonisation delay 
for the first colonising trees on the terrace of about 30 years. 
7. Probable synchrony of events in episodes: 
The tree release and suppression data have identified decades of major growth impacts that 
correspond with the dates of the three most recent episodes dated from oldest trees in post-
disturbance cohorts. This suggests that disturbances during these episodes were 
synchronous, or at least occurred within a single decade. 
Cohort ages are consistent with this interpretation. The age of the oldest single trees on all 
surfaces formed during a single disturbance episode spanned only a few decades (figure 
1.9a). This variation is summarised more precisely for conifer and angiosperm species in 
table 1.12. New terraces were excluded from this summary, because their age distributions 
indicate a quite different pattern of forest colonisation. 
The age-range of the oldest trees on surfaces formed during a single episode spanned just 
37-44 years. In all cases this is well within the likely error band associated with dating a 
single surface-forming event from tree colonisation (5-70 years). Furthermore, the oldest 
angiosperm trees in the two episodes with information on these species were about 10 years 
older than the oldest conifer trees. Based on relative colonisation delays (table 1.11), this is 
what would be expected if the surfaces formed at the same time. 
Surface disturbance in each episode was therefore probably synchronous. Alternatively, 
several disturbance events in a short period of less than 40 years could have occurred. 
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Table 1.12. Maximum tree age ranges for the four disturbance episodes in the Karangarua 
catchment, and the estimated date of each disturbance episode. 
Episode Age range of Oldest single tree Estimated date of 
oldest trees on on all surfaces disturbance episode 
surfaces (*) (age at sampling (**) 
height, cal AD) 
RUERA: Conifers: 
106-150 (44 yrs) 1845 1790-1830 AD 
Angiosperms: 
143-161 (18 yrs) 1834 
SPARKLING: Conifers: 
227-264 (37 yrs) 1731 1680-1720 AD 
Angiosperms: 
247-272 (25 yrs) 1723 
McTAGGART: Conifers: 
310-350 (40 yrs) 1645 1600-1640 AD 
JUNCTION: Conifers: 
514-532 (39 yrs) 1463 1420-1460 AD 
* This range is for all surfaces disturbed in the episode, excluding new terraces. Conifer and angiosperm trees 
were on separate surfaces. Ages are in years before 1995. 
** This was obtained by adding a colonisation delay range of 5-45 years to the oldest tree in each episode. 
8. Actual dates of episodes 
Maximum tree ages in cohorts provide age-ranges of a few decades for the timing of the 
disturbance episodes. Specifically, the oldest single tree cored for an episode provides a 
minimum age for disturbance during that episode. The date of disturbance can therefore be 
bracketed by the age of the oldest tree in an episode plus the expected colonisation delay of 
up to 40 years. On this basis, the episodes took place during the periods from 1790-1830 
AD (Ruera), 1680-1720 AD (Sparkling), 1600-1640 AD (McTaggart), and 1420-1460 AD 
(Junction) (table 1.12). 
Tree-ring growth disruptions refine the dates of the most recent three episodes to single 
decades. These are 1610-1620 AD (McTaggart episode), 1710-1720 AD (Sparkling 
episode), and 1820-1830 AD (Ruera episode). 
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9. Causes of the disturbance episodes: 
Episodes of erosion and sedimentation in south Westland could result from either large 
earthquakes or unusually severe storms. Distinguishing between these causes based solely 
on the indirect evidence of the disturbance record (such as severity and types of impacts) is 
always uncertain, as both storms and earthquakes can produce similar landscape damage. 
Independent direct evidence of earthquakes or storms at times coinciding with episodes of 
landscape disturbance is required before the erosion/sedimentation episodes can be 
unambiguously attributed to a particular causal mechanism. 
Recent trenching of the Alpine Fault has provided direct evidence for the first time of 
ruptures on this Fault in the recent past. Specifically, two ruptures on the central and 
northern sections of the Fault in the last 500 years have been identified (Yetton 1998). 
Details of these are given in table 1.13. The magnitudes of the earthquakes are estimated by 
Yetton (1998) at between 7.8-8 on the Richter scale. The earthquakes were therefore very 
severe events, and would have caused major landscape and forest disturbance. 
The most recent rupture, termed the Toaroha River event, was identified in trenches at 
Toaroha River and further north at Haupiri River. Radiocarbon analysis dates this rupture 
at post 1665 AD, with highest probability of occun"ence between 1700-1750 AD. This 
event was not recorded historically, and must therefore predate European settlement in 
1840. The earthquake inferred on the Alpine Fault in northern Fiordland from sag pond 
sedimentation between 1650 and 1725 AD (Cooper & Norris 1990) matches the trench 
dates further north, which suggests the same rupture may have extended the length of 
Westland. 
The earlier rupture, termed the Crane Ck event, was identified in trenches at Toaroha 
River, Crane Ck and Ahaura River. This rupture is dated between 1480-1645 AD. No 
trenching has been conducted further south, but this earthquake may well have also been 
experienced in the Karangarua catchment. 
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Table 1.13. Summary of the key features of the most recent two Alpine Fault earthquakes 
identified in fault trenches in Westland (Yetton 1998, and unpublished data), and corresponding 
d' b . d 'd 'fi d' h' d Istur ance eplso es I ent! Ie III t IS stu ly. 
Name of Estimate of Locations identified Magnitude Matching 
rupture timing estimate episode at 
Karangarua 
Toaroha River Post 1665 AD, Toaroha River, Haupiri. 8 Sparkling 
Event probably 1700- Northern limit at Haupiri. Episode 
1750 AD Same event may be 1680-1720 AD 
recorded in Fiordland 
(1650-1725 AD).* 
Crane Ck Event 1480-1645 AD Toaroha River, Crane Ck, 7.8 McTaggart 
Ahaura River Episode 
1600-1640 AD 
* Cooper & Noms 1990 (rupture date from sag pond sedimentation) 
Given that two severe Alpine Fault earthquakes have occurred in the last 500 years, it can 
be expected that evidence of these will be clearly preserved in the record of erosion! 
sedimentation in the Karangarua catchment. The dates of the two most prominent 
disturbance episodes in the Karangarua (the Sparkling and McTaggart episodes) do in fact 
coincide with the earthquake dates from trenches; Furthermore, these are the only 
disturbance episodes within the trench date-ranges for the earthquakes. The disturbance 
impacts can therefore be reasonably attributed to the earthquakes, and not a climatic cause. 
The fact that the episodes are at the young end of the trench date-ranges is probably a 
reflection of the tendency for radiocarbon ages to overestimate true age, due to organic 
material being potentially many years old when buried. 
An earthquake cause for these episodes is consistent with features of the disturbance record 
too. Both the Sparkling and McTaggart episodes were independently identified as periods 
of exceptionally large-scale and severe disturbance impacts, which impacted all landforms 
in the catchment including many debris fans. The two dominant terrace treads of the 
Karangarua and Copland Rivers also formed during these episodes. The flights of terraces 
recognisable in most Westland valleys upstream of the Alpine Fault are usually accepted as 
being the result of episodic uplift by earthquakes along the Fault (Adams 1980a; Tonkin & 
Basher 1990). In fact, Alpine Fault earthquakes have been proposed and dated based 
almost exclusively on aggradation terraces in the region (Adams 1980a). The preserved 
terraces in the Karangarua are therefore most probably the result of the component of 
vertical uplift associated with the last Alpine Fault earthquakes. 
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There is no alternative climatic explanation for a flight of successively younger terraces in 
the last 650 years. Massive storms can lead to aggradation tpereby creating or clearing 
alluvial surfaces, and this appears to be what has happened in the study area over the last 
150 years. However this will not produce the uplift required to preserve a successive record 
of events, and each climatic event will work through a similar flood and aggradation level 
range, resulting in the destruction of the earlier record. For example, it is likely that terrace 
surfaces dating from the Ruera episode would be disturbed again if a massive flood were to 
occur. Only large Alpine Fault earthquakes can provide the uplift. Invoking uplift by 
earthquakes between surface formation caused by climatic events to allow preservation 
unnecessarily complicates the pattern, and abandonment of the surface by the river still 
actually dates to the earthquake. The terrace sequence in the Karangarua catchment is 
therefore the most unambiguous indirect evidence linking the Sparkling and McTaggart 
episodes of disturbance to two Alpine Fault earthquakes. 
Although there is no direct evidence for dates of earlier earthquakes on the Alpine Fault, 
Yetton (1998) has proposed an earthquake about 1400-1450 AD based on clustered dates 
of aggradational and landslide events throughout Westland at this time. He has termed this 
the Geologist Creek event. This inferred earthquake matches the timing of the Junction 
episode of disturbance in the Karangarua. The Junction episode impacted the landscape in 
similar ways to the Sparkling and McTaggart episodes, and an earthquake trigger for this 
episode is therefore consistent with the indirect evidence. Preserved terrace formation and 
debris fan modification accompanied all three episodes, but has not occurred at any other 
time in the last 650 years. Further, forest disturbance events at this time were regional in 
extent (Wells et al. 1998). The similarities between the Junction episode and the 
Sparkling/McTaggart episodes, in combination with the evidence of widespread mass 
movement, terrace formation and forest disturbance in Westland about 550 years ago, 
suggest a probable Alpine Fault earthquake triggered disturbance during the Junction 
episode also. 
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The Ruera episode has no features indicative of a large Alpine Fault earthquake trigger. 
Large individual storms, or periods of several large storms, can explain the disturbance 
events at this time. For example, historical storms in Westland have resulted in isolated 
landsliding and sidestream sedimentation (Benn 1990). However, the episode could also 
have been caused by the sharp earthquakes recorded in northern Fiordland in 1826. These 
earthquakes were felt strongly by sealers living in Fiordlanq, and historical accounts 
indicate they were severe enough to cause considerable landsliding and forest toppling. 
Accounts from witnesses suggest that part of the coast about Caswell and George Sounds 
was elevated at this time (McNabb 1907). Severe landscape disturbance was also observed 
130 km north at the Cascade River, as the following description by R. Taylor records 
(McNabb 1907, page 262): 
"Beyond Cascade Point the whole coast presented a most shattered appearance, so much 
so that its former state could scarcely be recognised. Large masses of the mountains had 
fallen, and in many places the trees might be seen under water. " 
Obvious visual earthquake damage was thus present at least as far north as the Cascade 
Valley, 120 km south of the Karangarua. It is therefore probable that moderate shaking was 
experienced in the catchment, which could have caused the Ruera erosion/sedimentation 
episode. 
The oldest conifer trees colonising disturbed surfaces in the Ruera episode were up to 148 
years old, and one ribbonwood on landslide surface L3 was 161 years old. Surface 
formation during 1826 (169 years ago) is therefore consistent with the expected 
colonisation delays for the first trees of 5-45 years. This also corresponds with the date of 
the episode estimated from tree-ring growth disruption, of 1820-1830 AD. Ultimately it is 
not possible with the current information to distinguish if the impacts resulted from storms 
or from the 1826 earthquakes, or from a combination of the two. However, given that a 
series of severe earthquakes caused obvious disturbance 120 km away, and that these 
earthquakes match the dates of surface formation and tree growth disruption in the study 
area, the 1826 Fiordland earthquakes are a most likely cause of disturbance during the 
Ruera episode. 
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DISCUSSION 
Overall disturbance regime 
The disturbance regime in the Karangarua catchment is characterised by occasional severe 
catchment-wide episodes, separated by long periods of only small-scale and localised 
disturbance impacts. Over the last 650 years the time between major episodes has varied 
from approximately 100 to 200 years, with 170 years elapsed since the last major episode. 
Although only four intervals are represented, this suggests that major disturbance episodes 
impact the landscape once everyone or two centuries. These infrequent, extreme events 
have been critical to landscape and forest history in the catchment. 
Two, and most probably three, of the four episodes since 1400 AD were caused by large 
earthquakes on the Alpine Fault, and it is these episodes that have produced the greatest 
impact in the catchment. Up to 85 % of the erosion! sedimentation events preserved in the 
study sites dated from these Alpine Fault earthquake events. Alpine Fault earthquakes thus 
appear to play the dominant role in forest and erosion history in the catchment. Such 
events, though uncommon, have occurred frequently enough to exceed in importance as 
disturbance agents all intervening floods and earthquake events on other faults. 
Very large flood events occur in the catchment during most decades (Benn 1990), but do 
not appear to leave a lasting mark on the landscape. The landscape has apparently adjusted 
to these regular cycles, through large river beds and a network of established ephemeral 
waterways. These areas are maintained in seral vegetation, with only occasional storm 
events disturbing areas of older more stable surfaces sufficiently to trigger recruitment of 
new cohorts of long-lived trees. Single large rainstorms may result in major localised 
alluviation (eg a landslide), but are likely to have little or no impact on other sites or on the 
downstream channel of the main river. This is probably how the surfaces about 200 and 
400 years old in the Karangarua catchment originated. 
An historical example of this is "Robinson's Slip" on the true right of the Waitaha River. 
This landslide is now marked by a fan which has built out of Macgregor Ck, a small 
tributary to the Waitaha River. Although the sediment overload was profound for 
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Macgregor Ck, this was not a catchment-wide event and there is no equivalent new terrace 
in the much larger Waitaha River. 
The erosion and disturbance history from the Karangarua catchment is likely to be 
applicable to most large river catchments in south and central Westland. All major valleys 
between about Haast and Hokitika have similar geologic and geomorphic characteristics, 
and large Alpine Fault earthquake events probably rupture synchronously along much of 
this area (Adams 1980a, and Section 3 of this thesis). Even-sized stands of ratalkamahi and 
cedar are also prominent throughout this region (Wardle 1978; Rose et al. 1992), 
suggesting a common disturbance regime. 
This history can not be extended into north Westland with such confidence. The region 
north of the Taramakau River is close to numerous fault lines besides the Alpine Fault, and 
several large historical earthquakes have been experienced here. Infrequent devastating 
Alpine Fault events may therefore be less important in landscape erosion and forest history. 
Some support for this is found in the Taramakau catchment. Unlike valleys to the south, 
this river has active aggradation and no preserved flight of successive terraces. This may 
reflect the more constant disturbance from earthquakes, in combination with the crumbly 
greywacke substrates of the catchment. 
The disturbance history is also unlikely to apply to the Fiordland landscape. Landslides 
induced by storms are very common in the region (Mark & Dickinson 1989), because of 
the steep topography and extreme rainfall. Alpine Fault earthquakes here probably do not 
occur as frequently as in central Westland (Berryman et al. 1992), and many other active 
faults are present in the area which could produce large earthquakes. For these reasons a 
quite different erosion and forest disturbance history from the Karangarua catchment is 
likely in Fiordland. 
This study has only examined forest disturbance history on surfaces which have been 
impacted by major erosion/sedimentation in the last 650 years. No attempt was made to 
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investigate forest history on more stable surfaces not recently affected by erosional 
processes. Disturbance to forest on these surfaces is caused largely by tree-fall (by wind or 
seismic shaking), and a quite different regime is therefore possible for these forests. In the 
Karangarua catchment such surfaces comprised only a small proportion of the study area, 
because of the steep enclosed valley location. However large areas of lowland forest west 
of the main ranges have been free from major erosion for at least 1000 years, and tree-fall 
is thus a very important forest disturbance process in the Westland region (eg Comere 
, 1992; Stewart et al. 1998). 
Given this, a detailed reconstruction of forest disturbance history from tree-fall is required 
to provide a more complete understanding of disturbance regime in south Westland. So~e 
information is available for these forests, and this suggests that the same episodes have had 
a large impact in these areas also This is examined in Section 2 of this thesis. However a 
detailed study is needed to test this. 
A further issue relates to the representativeness of the study area I selected. The boundaries 
of the two study sites were chosen to incorporate areas with suitable tree species that 
preserved a long history of erosion/sedimentation events (see Methods, page 19). 
Consequently these sites are not necessarily "typical" of the total catchment, in terms of 
surface types, disturbance history, or proportions of land surface disturbed in an episode. 
I did not attempt to assess the relative proportions of land surface types in the rest of the 
catchment. However, a significant proportion (> 40 %) of the catchment outside the study 
area consists of steep hillsides forested with even-aged stands of ratalkamahi. Similar 
stands that I sampled in the study area had established following landsliding in the 
Sparkling episode, resulting from the last Alpine Fault earthquake. At a catchment scale, 
then, the impacts of the earthquakes in terms of proportion of land surface disturbed were 
most probably even greater than those found in the study area. Also, the overall disturbance 
history, in which four main episodes have impacted the landscape in the last 650 years, is 
most unlikely to have been influenced by the selection of study area. 
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However, the relative extents of different surface types in the study area will have more 
limited meaning at a catchment scale. As already mentioned, steep hillsides are more 
abundant outside the study area. Furthermore, surfaces such as terraces, gentle alluvial fans 
and active riverbed almost certainly occupy a considerably smaller proportion of the 
catchment outside the study area. 
Comparison with other studies of forest and erosion histories in Westland 
Previous studies of disturbance histories in Westland have been unable to produce clear 
chronologies of disturbance, because of a lack of detailed sampling in defined areas and a 
reliance on 14C dating methods. However, comparisons are possible with the limited 
information from a number of individual studies. 
Two studies have investigated landscape history in central Westland using predominantly 
geomorphic methods (Basher 1986; Sowden 1986). Basher (1986) dated several landslide 
and terrace features in the Cropp River, but most were older than 600 years, so no clear 
comparison can be made with the Karangarua catchment. Sowden (1986) investigated the 
terrace sequence in the Wanganui River upstream of the Alpine Fault. He identified ten 
degradational terraces above the floodplain (assumed to reflect uplift from Alpine Fault 
earthquakes), and estimated the ages of each based on forest structure and composition. 
Three terraces were younger than about 800 years, and these provide an interesting 
comparison with the Karangarua River terraces. Sowden estimated the terraces to be 210, 
410 and 600 years old; as these ages are based on limited tree ages and visual forest 
assessments, they may be in error by at least 50 years. This terrace sequence is very similar 
to the Karangarua River sequence, where successive terraces were about 280,375 and 550 
years old. Both sequences suggest three terraces have formed in the last 650 years, and the 
ages of the Wanganui River terraces are consistent with the better-dated Karangarua River 
terraces. The terrace abandonment in the Karangarua matched the catchment-wide erosion 
episodes and the last three Alpine Fault earthquake events. The matching terrace sequence 
in the Wanganui River therefore suggests that the impacts of the three Alpine Fault 
earthquakes may have been severe there also. 
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Several studies of forest disturbance events have noted forest cohorts in south Westland 
aged about 250 and 500 years old, and suggested the possibility of regional disturbance 
episodes at these times (Duncan 1991; Rogers 1995; Stewart et al. 1998). All the available 
information on forest stand structures was collated by Wells et al. (1998), and two periods 
of peak stand establishment across the region were noted at about 550-600 and 250-350 
years ago, although the longer most recent period could have represented two separate 
shorter periods. This regional history is consistent with the Karangarua catchment history if 
it is assumed that the most recent period does reflect two separate episodes. However there 
was no evidence for the youngest Ruera episode in this collation. The regional extent of the 
episodes is investigated in greater detail in Section 2. 
Grant (1985) has proposed that nationwide periods of increased erosion and sedimentation 
have affected New Zealand over the last few centuries, as a result of increased storminess 
caused by increased northerly airflow and atmospheric warming. He identified five erosion 
periods in the last 800 years, at about 1270-1350 AD (Waihirere period), 1500-1620 AD 
(Matawhero period), 1770-1800 AD (Wakarara period), 1870-1900 AD (Tamaki period), 
and 1950 to the present day (Waipawa period). These periods were inferred from ages of 
aggradation terraces in the North Island (dated from radiocarbon, plus a few tree ages), and 
were suggested to have affected the South Island based on a very few 14C dates. The 
resultant forest re-establishment episodes would have been centred on and a little after 
1270-1350 AD, 1500-1620 AD, and intermittently since 1770 AD (Grant 1985). 
These erosion periods do not match closely with major disturbance episodes in the 
Karangarua catchment. This is because of the dominant role of large Alpine Fault 
earthquake events compared with storms in the erosion history of the region. It is possible, 
however, that the earthquake disturbance record for each episode was supplemented by 
storm-induced events. For example, the Matawhero erosion period only slightly predates 
the earthquake-caused McTaggart episode in the Karangarua catchment. 
Two minor disturbances at about 1590 AD and 1800 AD in the Karangarua catchment, 
however, were attributed to storms (figure 1.9a). These dates coincide with Grant's 
Matawhero period (1500-1620 AD) and Wakarara period (1770-1800 AD) respectively. 
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This provides some support for the occurrence of the erosion periods in south Westland. 
Furthermore, numerous recent slips and sedimentations are evident in many Westland 
valleys (including the Karangarua) that are not present in aerial photos taken before about 
1985. These may be a reflection of the recent Waipawa erosion period proposed by Grant 
(1985). 
In the absence of Alpine Fault earthquakes, then, storm-induced erosion periods may well 
become important in the disturbance regime in Westland. However, on the evidence from 
this study the recurrence of large earthquakes is frequent enough to ensure that their impact 
greatly exceeds that of intervening storm-induced erosion periods. 
Comparison of Sparkling and McTaggart episodes with impacts from historical 
earthquakes 
The extent and nature of impacts caused by the last two Alpine Fault earthquake events are 
well preserved in the Karangarua catchment study area (the Sparkling and McTaggart 
episodes of disturbance), and accurate reconstructions were possible. Between 32-50 % of 
the study area was severely impacted by erosion and sedimentation during each of the 
earthquakes. Most abundant were landslides and partial erosion of debris fans, followed by 
sedimentation of stream margins and bases of steep hillsides (tables 1.5 and 1.6). One large 
rock avalanche also occurred during the McTaggart episode. 
The Karangarua study area is within the steepest and most elevated area of relief in New 
Zealand, and is also within the epicentral region of strongest shaking for earthquakes on the 
Alpine Fault (Yetton et al. 1998). The large scale of impacts recorded is the inevitable 
result of this combination of factors. 
The best historical match for these Alpine Fault events is provided by the Buller (also 
called the Murchison) earthquake of 1929. At magnitude 7.7, this is the largest South 
Island earthquake this century. It affected a large area centred around the upper Buller 
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River, and the profound geomorphic and botanical impact of the earthquake is outlined by 
Pearce & O'Loughlin (1985) and Pearce & Watson (1986). The landscape impacted is 
steep and densely forested, and is subject to high rainfall. In these respects it closely 
resembles the Southern Alps range front environment adjacent to the Alpine Fault in 
central and south Westland. 
Pearce & Watson (1986) estimate 410 landslides occurred in just the c. 100 km2 Matiri 
catchment. However landslides extended over a total area which was at least 50 times 
larger, estimated to be more than 5000 km2 in total (Adams 1981). While the majority of 
the landslides were surficial failures of residual soil or thin colluvium sliding on top of 
deeper harder rocks, the largest landslides were more deepseated. Landslides were more 
numerous in this earthquake than for any other in New Zealand. This reflects the altitude 
range and very steep nature of the terrain, with many slopes close to their natural 
eqUilibrium. 
It was also aggravated by the weather conditions and the high moisture levels prior to the 
earthquake (which occurred in June). Henderson (1937) notes the soil and subsoil were 
saturated, and Dowrick (1994) demonstrates this was a much wetter June than normal for 
all weather stations in the region. 
Keefer (1984,1989) noted the relative abundance of relatively shallow rock falls and 
disrupted soil slides during earthquakes. The least common type of failure on a numerical 
basis is rock avalanches. This pattern of failure dominated in the Buller earthquake, and 
also appears to be the case for the Alpine Fault earthquake impacts in the Karangarua 
catchment. 
Several studies have described the profound forest destruction that has accompanied 
historical earthquakes (eg Robbins 1958; Henderson 1937; Grapes & Downes 1997; Allen 
et al. in press; McNabb 1907), but just two have attempted to quantify the damage (Grapes 
& Downes 1997; Allen et al. in press). Allen et al. (in press) investigated damage to 
Nothofagus forest in permanent plots a year after the 1994 Arthur's Pass earthquake 
108 
(magnitude 6.7). Plots in the epicentral area recorded 24 ± 6 % tree mortality, of which 74 
% was due to landslides. In addition they noted that widespread low-intensity damage was 
a significant component of the impact, with an additional 23 % tree injury recorded in plots 
in the epicentral area. 
In the Karangarua catchment about 32 to 50 % of the forest in the study area was disturbed 
catastrophically by erosion! sedimentation during both of the last two Alpine Fault 
earthquake events. This measure is probably directly comparable to the 'tree mortality' 
measured by Allen et al. (in press). If so, the impact of the Alpine Fault earthquakes in the 
Karangarua was more extensive than the impact in the Avoca Valley caused by the 
Arthur's Pass earthquake. This is logical, given that an Alpine Fault event would be 
expected to be of magnitude 7.5-8 (Adams 1980a; Bull 1996), and given the more rugged, 
unstable and wet landscape in south Westland compared with Canterbury. 
However, the actual impact of the Alpine Fault events on the forest of the Karangarua is 
almost certainly underestimated in this study. This is because I did not assess more 
widespread, lower-severity tree-fall disturbance on surfaces unaffected by erosional 
processes, and damage in these forests from a large earthquake may be substantial (Veblen 
& Ashton 1978; Garwood et al. 1979; Allen et al. in press). Up to 26 % of the tree 
mortality recorded by Allen et al. (in press), for example, was on surfaces not impacted by 
landsliding. In addition they recorded 23 % tree injury (broken branches etc) amongst 
surviving trees not killed by the event. 
The 1855 Wairarapa earthquake (magnitude 7.8) appears to have caused damage on a scale 
comparable with the events at Karangarua. Grapes & Downes (1997), quoting newspaper 
accounts from the time, note that the earthquake removed nearly one third of the vegeation 
on the western face of the Rimutaka Range as viewed from Wellington. 
All these studies have examined the impact of single earthquake events at a location, and 
noted the severity of impacts affecting up to one third of the landscape. Meaningful 
comparisons of the long-tenn contribution of earthquakes to erosion and forest 
disturbance, however, require data on return intervals of such devastating earthquakes. 
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Although a large earthquake has drastic impacts, if similar events recur only every one or 
. two thousand years their overall impact may be less than that of stonns. 
The Karangarua study demonstrates that in south Westland severe Alpine Fault 
earthquakes cause extreme damage frequently enough to be the defining force in erosion 
and forest history in the region. Large-magnitude erosion episodes resulting from these 
earthquakes recur with sufficient frequency to be of much greater long-tenn significance 
than non-seismic agents of erosion. 
No similar long-tenn studies are available for New Zealand. But two studies from tropical 
forests have estimated long-tenn forest disturbance rates caused by earthquakes, based on 
earthquake frequency and areas affected by historic earthquakes. In Panama, earthquakes 
were estimated to disturb 2 % of the forest per century (Garwood et al. 1979). In Papua 
New Guinea, 8-16 % of the forest was denuded per century by earthquake-induced 
landslides, compared with 3 % from nonnal weathering processes (Garwood et al. 1979). 
This approach could also be used for the Karangarua catchment data. For this analysis I 
assume that Alpine Fault earthquakes disturb 32-50 % of the land surface, and that they 
recur every 250 years on average. On this basis earthquakes disturb about 14-20 % of the 
forest and landscape in the catchment per century. If the Ruera episode was in fact caused 
by an earthquake too, this estimate would be even higher. 
The earthquake damage assessments in Papua New Guinea and Panama were based on 
obvious forest destruction only, identified from aerial photographs, whereas the 
Karangarua estimate includes partially-modified surfaces which may not have stood out in 
photos as clearly-denuded areas. If only totally new surfaces are included in the analysis, 
the estimated forest disturbance rate from earthquakes in the catchment is 5-11 % per 
century. 
Disturbance rates from other processes (ie stonns) can be estimated based on damage since 
the Sparkling episode about 300 years ago. For this purpose I assume that the Ruera 
episode was caused by storms and not earthquake. On this basis, storms have disturbed 
. about 3-4 % of the forest area per century. 
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These rates are comparable with the available information from overseas, and indicate the 
importance of earthquake-induced disturbance to forest and landscape history in the south 
Westland region. 
Forest and soil residence times 
In the last 650 years, half of the study area has been affected by disturbances that created 
totally new surfaces (landslides, terraces, rock avalanches, sidestream sedimentation sites) 
(table 1.1). This is a very high proportion and reflects the unstable rugged nature of the 
catchment, characterised by steep slopes, powerful rivers, high rainfall and weak rock 
masses. Furthermore, another 18 % of the study area was affected by disturbances that 
partially modified surfaces sufficiently to initiate new cohorts of trees. In contrast between 
just 5 and 14 % of the study area was not disturbed sufficiently by erosion/sedimentation in 
the last 650 years to initiate new forest cohorts. These sites were mainly on high terraces 
well away from the steep hillsides and sidestreams. The dominant forest disturbance 
mechanisms here were probably windfall and/or small-scale erosion/ sedimentation. 
These findings indicate very rapid erosion rates and short residence times for land surfaces 
in the catchment. On the evidence presented above, over 80 % of the land surface in the 
study area is younger than 650 years. This is likewise reflected in the present forest age 
structure, where the frequency of major disturbance has maintained most stands in first-
generation non-climax forest. Just 14 % of the area was in 'old growth' forest which had 
not been catastrophically disturbed by erosion/sedimentation in the last 650 years. 
Disturbance rates are thus sufficiently high so that significant areas of young surfaces and 
non-climax forest with simple age structures predominate. Basher (1986) also found in the 
Cropp catchment in central Westland that most surfaces were disturbed within 1000 years, 
and soils were consequently predominantly young. 
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Alpine Fault earthquake events as a sediment-supply mechanism 
Adams (1980b) suggested that aggradation and erosion from Alpine Fault earthquakes was 
critical in his modelling of erosion along the Southern Alps in Westland. Although the 
work in the Karangarua does not provide quantitative sedimentation rates, the 
predominance of Alpine Fault earthquake-induced slope erosion and forest destruction 
provides strong support for the assumption that these earthquake events are the primary 
source of regional sedimentation. The scale of impacts accompanying the episodes 
(landslides, debris avalanches, sedimentation) and the extent of forest disturbance indicate 
the erosion was much larger than that from other processes such as storms. 
Two studies of earthquakes in north Westland have provided quantitative analyses which 
show the dominant role of earthquakes in erosion in this region. Pearce & Watson (1986) 
examined landslides induced by the 1929 Murchison earthquake, and concluded that 
earthquake-induced landsliding was the principal sediment-supply mechanism in the 
region. Adams (1980b) studied long-term erosion rates from a 154000 km2 area in western 
South Island. Based on analyses of fluvial sediment discharge and of landslides produced 
by three large earthquakes, he concluded that 40 to 67 % of all the material eroded 
originated in earthquake-induced landslides. 
Keefer (1994) has reviewed the role of earthquake- versus storm-induced landsliding to 
slope erosion in twelve seismically active regions of the world. Although these studies only 
considered landsliding, while the Karangarua study included all forms of erosion! 
sedimentation, the findings can be broadly compared with the south Westland region. In all 
countries included in the review, landsliding from earthquakes was a moderately significant 
to predominant contributor to erosion. However Keefer (1994) noted that this might not be 
so in New Zealand, where high rainfall and unstable slopes result in frequent storm-
induced landsliding. At least in south Westland, however, earthquake-induced impacts are 
apparently the predominant contributor to overall erosion, and most probably to landsliding 
as well. 
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Limitations in the detection of disturbance events 
The method used for detecting past erosion events in this study (forest cohorts) is a vast 
improvement over traditional radiocarbon or soil-stratigraphic techniques (Tonkin & 
Basher 1990), in that it provides good dating accuracy and can identify many of the events 
that are not recorded in soil stratigraphy or buried organic material. However, forest 
cohorts will still not record all erosion/sedimentation events. 
The most serious limitation of the method is that relatively small disturbance events that 
occurred between larger disturbance episodes are unlikely to be preserved in the present 
forest structure. For example, evidence of most storm-induced landslides or sedimentation 
events that took place after the McTaggart episode but before the Sparkling episode (ie 
between about 1630 and 1710 AD), would have been likely to have been destroyed by the 
large Sparkling episode associated with the last Alpine Fault earthquake. It is thus probable 
that the method is biased against small-scale events, and tends to over-emphasise the larger 
events. 
Applying this to the Karangarua catchment, the role of storm-induced erosion and forest 
disturbance has probably been under-represented in this study. Storm-induced surface 
disturbance is usually concentrated around unstable sites such as stream margins and steep 
hillsides, and these vulnerable sites will almost certainly be re-disturbed during an Alpine 
Fault earthquake. Much of the record of storm-induced disturbances between Alpine Fault 
events will therefore be unpreserved in the forest. In contrast, earthquake-induced 
disturbances will impact many sites which are not likely to be re-disturbed by storms (eg 
new terraces, debris fan modification), and as a result most of the record of an earthquake 
will not be destroyed by storms. 
On this basis more forest cohorts may have been initiated at times between the Junction, 
McTaggart and Sparkling episodes, and the pattern in figure 1.9a may exaggerate the 
dominance of these episodes. Nevertheless, the fact that any such storm-induced impacts 
are not preserved following an Alpine Fault earthquake shows that they are not critical to 
the long-term catchment-level erosion and forest history. The inference that damage from 
infrequent Alpine Fault earthquake events has played by far the dominant role in the 
catchment's erosion and forest history is therefore still valid. 
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This is supported by the relatively small amount of damage to the study sites from storms 
that has occurred in the last 170 years since the Ruera episode. These disturbances have 
impacted well under 5 % of the study area over this time. These have mostly been 
sidestream sedimentation events or small landslides. Furthermore, old aerial photographs 
indicate that much of the disturbance has taken place in the last 20 years. 
Only those events that were severe enough to create many new tree establishment sites can 
be detected from the forest age structures. These were events that caused mortality of 
existing vegetation, thereby increasing light levels on the ground and creating new 
substrates for tree colonisation. The small erosion events that do not initiate new tree 
establishment, but maybe just loosen off topsoil, will therefore go undetected. This is 
mainly likely to include the erosion and sedimentation that accompanies large rain storms 
in Westland; these cause discolouration and siltation of rivers, but do not usually produce 
any obvious disturbance evidence such as landslides. Such information is important for 
studies of sediment yield or erosion rates. However its omission from this study will not 
alter interpretations of forest and landscape disturbance history. 
Cohort recruitment intervals 
Most cohorts that established after disturbance events in this study spanned an age-range of 
50 to 150 years. This is broadly in agreement with Ogden's (1985) suggestion that a 
defined 'cohort' should not span more than about 10 % of the maximum life span of the 
relevant species. 
However, some cohorts on new surfaces spanned up to 250 years. Other studies in 
Westland have noted similar lengthy intervals in conifer species (eg Duncan 1991; Comere 
1992). Several factors may contribute to this prolonged recruitment interval. First, in many 
stands long-lived conifer trees were distributed only patchily across the disturbed surface, 
with much of the area occupied by shorter-lived and smaller angiosperm species (eg 
broadleaf, wineberry, ribbonwood, tree ferns). Chances for successful conifer tree 
recruitment in these stands are consequently likely to be present for many years after the 
disturbance event, as gaps in the angiosperm understorey are gradually colonised. An 
extreme example of this type of colonisation is found on the terraces of the Karangarua 
River. On terrace K3, for example, occasional young saplings are still filling gaps 370 
years after surface abandonment. 
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Second, and related to this, growth of the dominant conifer canopy species can be very 
slow, and even in densely-colonised stands canopy closure is probably not attained for well 
over a century. This results in a long period during which possibilities exist for continued 
recruitment. Good examples of this are found on surfaces SS3 and SS8. Both these surfaces 
formed during the Ruera episode, and dense cohorts have now colonised with oldest trees 
aged 148 and 136 years respectively. However, on both surfaces healthy seedlings are also 
present in light gaps and these will most probably continue through to the canopy. 
Third, some of the canopy species rely largely on bird dispersal to reach new surfaces 
(rimu, kahikatea, miro, totara). Chance factors involved with this could lead to a few trees 
being recruited many decades after the main pulse of colonisation. 
Fourth, minor modification and disturbance of small areas of a surface may continue for 
many years following the primary initiating disturbance. For example it may take decades 
for small streams to become restricted to new channels, erosion and sedimentation of 
landslide scarps may continue for some time, and death of dense colonising scrub may 
create opportunities for the occasional tree to establish. 
Ecological consequences of the disturbance regime 
Large, infrequent disturbance episodes have been shown to be the defining force in the 
disturbance regime of the Karangarua catchment. Compared with small, frequent events, 
these rare extreme events exert a strong influence on the structure and functioning of the 
ecosystem. 
The history of large-scale disturbances has resulted in a predominance of relatively even-
aged forest stands, as well as many stands of the same age. The frequency of catastrophic 
disturbance in the catchment has been adequate to maintain over 80 % of the forest area in 
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these simple stages of development. In most cases the forest will be re-disturbed within the 
lifespan of the dominant canopy species, initiating new even-aged stands before autogenic 
collapse or small-scale gap formation have had a significant impact. Consequently much 
vegetation is maintained in relatively young stages of development, with simple age 
structures. 
The large disturbances characteristic of the catchment have also enabled the persistence 
and dominance of certain distinctive forest stand structures. Dense, fast-growing stands of 
cedar/totara were present only on extensive surfaces that had undergone catastrophic 
disturbances. On other sites not severely disturbed, cedar was present only as scattered 
individuals that tended to be slower-growing. Dense stands of cedar occur throughout 
Westland at middle elevations, and their relation to catastrophic disturbance has been noted 
before (Veblen & Stewart 1982a; Stewart & Rose 1989). 
Even-aged ratalkamahi stands established on old landslides are also prominent on the mid-
altitude hillslopes in the Karangarua catchment, and throughout central and south Westland 
(Rose et al. 1992). The two stands sampled in the catchment (Maimai Creek and landslide 
Ll) dated from the Sparkling episode, caused by the last Alpine Fault earthquake. It has 
long been speculated that many of these stands along the front-range of the Southern Alps 
in Westland originated during a large Alpine Fault earthquake (Holloway 1957; Wardle 
1980a), and this study provides the first clear evidence to support this. Based on the 
disturbance record at Karangarua, large Alpine Fault earthquakes have also been frequent 
enough for at least the last 650 years to ensure the continued dominance of these stand 
structures in Westland. 
Similar forest responses have been noted in other landscapes where seismic activity is a 
dominant disturbance mechanism. In south-central Chile large earthquakes have been 
shown to maintain the dominance of simple-structured even-aged stands of Nothofagus 
across the landscape (Veblen & Ashton 1978). The predominance of early-successional 
forest types in some tropical forests has also been attributed to the frequency of 
earthquakes (Garwood et al. 1979). 
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The surface conditions created by the disturbances in the catchment have played a key role 
in determining the compositional variation of the forest across the landscape. Disturbances 
left many varied site conditions for forest colonisation, with differences in substrate texture 
and drainage, severity of modification, and slope angle being particularly evident. The 
broad trends in forest composition with these factors were noted in the Results, but this 
was not examined in detail. However it is likely that variation in forest pattern can be 
predictably explained by the variable post-disturbance site conditions. Investigation of this 
in greater detail will likely reveal interesting patterns, but this was not undertaken as part of 
this thesis. 
Rare, extreme disturbance episodes also have implications for the ecosystem wider than 
just the forest. A regional increase in the abundance of early successional species following 
an episode, for example, may impact upon the feeding and reproductive success of bird 
species such as Wood Pigeon. Major changes and alteration to river regimes and stream 
margins could also impact upon the distribution and abundance of river-based birds, such 
as the Blue Duck. In this way the large but infrequent episodes recorded in the Karangarua 
catchment are likely to have a profound impact on the entire ecosystem, even though they 
occur infrequently. This has been noted in other ecosystems where extreme events are a 
critical part of the disturbance regime (eg Garwood et al. 1979; Moritz 1997). 
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SECTION TWO. 
THE IMPORTANCE OF INFREQUENT, EARTHQUAKE.INDUCED FOREST 
DISTURBANCE THROUGHOUT THE WESTLAND REGION. 
INTRODUCTION 
In seismically active regions earthquakes can playa significant part in the dynamics of 
forests in the landscape, even though they may occur very infrequently compared with 
other disturbance agents such as storms. These severe disturbances can maintain large areas 
of forests in early stages of succession when earthquake frequency is high relative to the' 
life span of the dominant canopy species (eg Veblen & Ashton 1978; Garwood et al. 1979). 
Infrequent earthquakes may be the most important component of the forest disturbance 
regime in some landscapes. 
However, because large earthquakes are infrequent events and may not have affected a 
landscape in recorded history, their importance to regional forest dynamics can be missed 
or under-emphasised. More regular but less severe agents of disturbance, such as storm-
induced tree fall and erosion, are naturally assumed to be the key determinants of current 
forest structure. Large earthquakes could therefore be viewed as abnormal perturbations to 
the ecosystem, rather than as an integral part of the disturbance regime. For this reason it is 
important to investigate disturbance factors in a region over a long time period, appropriate 
to the generation span of the dominant tree species. 
In New Zealand, several studies have documented the landscape impacts and forest 
disturbance associated with specific historical earthquakes (eg Allen in press; Adams 
1980a; Pearce & O'Loughlin 1985). These all show the devastating and large-scale impacts 
of the earthquakes on the landscape, in terms of widespread surface modification and tree 
mortality. However, the long-term importance of such events to regional forest dynamics or 
relative to non-seismic agents of disturbance is poorly understood. Information on the 
frequency and timing of large earthquake events on key faults is a prerequisite to assessing 
these factors. 
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The information presented in Section 1, in combination with the recent paleoseismic work 
. of Yetton (1998), has identified three earthquakes on the Alpine Fault adjacent to Westland 
in the last 650 years. The detailed study in the Karangarua catchment has clearly linked 
major landscape devastation to the earthquakes, and demonstrated the dominant role of 
these rare events in erosional processes and forest disturbance in this local catchment. The 
information from the Karangarua catchment therefore provides a basis to assess the 
regional influence of Alpine Fault earthquakes on the forests of the wider Westland region. 
Although the Karangarua catchment has been predominantly impacted by three Alpine 
Fault earthquakes, this does not necessarily imply that forests in other areas of Westland 
display a similar disturbance history. Many forested areas of the region occupy old stable 
landforms that have not been affected by erosional processes for many centuries (such as 
moraines and high terraces), where tree fall or canopy senescence are the disturbance 
mechanisms. Disturbance regimes could therefore differ between landforms and 
disturbance types. Each Alpine Fault earthquake may not have impacted the entire region 
either, and in some subregions storms and/or earthquakes from other faults may have 
played a more dominant role in forest dynamics. 
Review of current information on forest disturbance in Westland: 
The current knowledge on regional forest disturbance patterns in Westland was presented 
in the General Introduction of this thesis, and is summarised here. 
The possibility that rare earthquakes have impacted Westland's forests was recognised by 
the earliest explorers and ecologists (Holloway 1957; Chevasse 1955). This was based on 
observations of a regional pattern of many similar-sized stands of trees and a dominance of 
mature stands. An explanation for this pattern was that major disturbances have initiated 
regionally-synchronous pulses of regeneration followed by long periods of only localised 
disturbances and associated regeneration. 
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To test for this, Wells et al. (1998) have collated all infonnation on size and/or age 
structures of stands in Westland, and estimated the dates of initiation of cohorts of trees in 
50-year age classes. This is presented in figure 2.1. Two pulses of greatly increased 
establishment were evident in the last 650 years about 1700-1800 AD and 1450-1500 AD, 
although it was possible the longer and most recent pulse may reflect two separate pulses. 
These pulses were interpreted as periods of increased natural disturbance throughout 
Westland that simultaneously impacted many landfonns and resulted in upsurges of tree 
regeneration, interspersed with periods of relative quiescence. It was noted that the peaks 
appeared to coincide with date estimates of Alpine Fault earthquakes, but the large 
uncertainties in age estimates for the earthquakes and for many forest stands made it 
difficult to evaluate the possible role of earthquakes in contributing to the regional fores~ 
history identified. Overall, the study provided clear evidence of clumped regional 
disturbances, but causes were uncertain and limitations in data accuracy hindered further 
interpretations. 
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Figure 2.1. Dates of establishment of 80 forest cohorts in Westland, from Wells et al. (1998). 
Dates are unadjusted for tree colonisation delays or growth to sampling height (50-140 cm). 
Cohorts were identified from a combina~ion of stand size and age infonnation. 
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The study in the Karangarua catchment has related periods of major erosion and associated 
tree regeneration to three Alpine Fault earthquakes. Cohorts of trees initiated by the 
earthquakes were distinguished by the ages of the oldest trees: these dated from about 
1700-1750 AD (Sparkling episode), 1620-1660 AD (McTaggart episode) and 1440-1480 
AD (Junction episode). This information provides a basis to assess the regional influence 
of these earthquakes on the forests in the wider Westland region. Forest cohorts that were 
initiated during the same periods of time as the major episodes in the Karangarua could be 
assumed to reflect earthquake disturbance also. 
The regional forest history presented in Wells et al. (1998) shows similarities with the 
detailed erosion history in the Karangarua catchment, and it is therefore possible this 
history applies at a truly regional scale in Westland. In this section I present a refined 
analysis of the regional data set, using only cohorts and stands with detailed tree age 
information. This refined data set allows me to make tighter comparisons of disturbance 
history between sites in Westland and with the dates of Alpine Fault earthquakes. I 
examine the regional pattern of forest regeneration after disturbances in relation to four 
main questions: 
(1) How widespread in Westland are the episodes of greatly increased disturbance that 
impacted the Karangarua catchment? 
(2) What does (1) above tell us about the importance of Alpine Fault earthquakes versus 
storms to forest disturbance regime in the last 650 years across Westland? 
(3) Is disturbance on stable surfaces (caused by tree fall or standing mortality) controlled by 
similar factors as disturbance from erosional! depositional processes? 
(4) What are the implications of the disturbance regime for regional forest patterns and 
landscape-scale ecology? 
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THE STUDY AREA 
This study covers the region west of the main divide of the Southern Alps from the Okuru 
River in southern Westland to Rahu Saddle in the north. The study area is shown in figure 
2.2. The northern and southern boundaries reflect the range of sites which have had forest 
stands studied for disturbance history and stand structure, but they also coincide with 
significant changes in landscape and geological features which may influence forest 
disturbance regimes. The region is within the central Westland seismic gap (Adams 1980a; 
Berryman et al. 1992), a zone in which no large earthquakes have been recorded since 
observations began over 100 years ago. South of the Arawata River the Alpine Fault is less 
prominent, the landscape is dominated by deep fiords and rugged ranges typical of 
Fiordland, and large (M > 5) earthquakes have been recorded since European settlement: 
North of Rahu Saddle, the landscape has also been impacted by several severe earthquakes 
in the last 100 years, and a more complicated pattern of smaller faults and river valley 
systems predominates. 
All districts in the study region have a common geological history in that movements of the 
Alpine Fault and glacial activity have combined to shape the landscape (Whitehouse 1988). 
The Alpine Fault provides a clear delineation between lowland piedmonts and the ranges of 
the Southern Alps. Lowlands west of the Fault are dominated by moraine deposits 
separated by outwash surfaces, floodplains and blocks of dissected hill country (Mew & 
Palmer 1989). East of the Fault large river valleys exit from the steep dissected ranges that 
rise abruptly from the lowlands. Mean annual precipitation is high, ranging from about 2 
500 mm at the coast to 12000 mm in the western Southern Alps (McSaveney et al. 1978). 
Detailed descriptions of forest communities in the region are given in Wardle (1977, 1980), 
Duncan et al. (1990) and Norton & Leithwick (1990). Only a brief summary is presented 
here. Between the Paringa and Taramakau Rivers (the so-called "beech gap" (Wardle 
1984)) the forest canopy on stable lowland surfaces is dominated by rimu, while 
floodplains are dominated by kahikatea, and totaraimatai on coarse alluvium (Wardle 
1974). Stands of the conifers cedar and totara are common in upland areas and cold valley 
floors, along with the angiosperm trees rata and kamahi (Wardle 1977). Steep hillsides on 
the western front ranges and middle reaches of most valleys contain abundant stands of 
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Figure 2.2. Map of the study area in Westland, from Rahu Saddle to the Okuru River, showing 
the Alpine Fault and key rivers. Locations of sampled forest cohorts are marked by the dots. 
Several forest cohorts were sampled at some locations; the number of sites marked is therefore less 
than the sample sizes given in the text. 
apparently even-aged ratalkamahi forest that lack a conifer overstorey. North of the 
Taramakau River and south of the Paringa River, species of the angiosperm tree genus 
beech (Nothofagus) form an important component of the forest canopy on alllandfonns. 
METHODS 
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Studies with data on the structure of forest stands in the study area have been collated in 
Wells et al. (1998). This collation included all stands with detailed age infonnation from 
which to infer disturbance events, as well as many stands in which size structures only 
were available. For this present study I selected only stands in which over 50 % of trees had 
been aged (Stewart & Rose 1989; Duncan 1991, 1993; Comere 1992; Rogers 1995; 
Stewart, White & Duncan 1998; Stewart, unpublished data; Wells, unpublished data). New 
information was also included from three recent studies (van Uden 1998; Urlich, 
unpublished data; Wells, unpublished data). Details of the studies in the revised data set are 
given in table 2.1. All the stands sampled were dominated by conifer species. 
The rationale for inferring disturbance events from tree population age structures has been 
explained in Section 1, and in Wells et al. (1998). A disturbance event that kills all or many 
of the canopy trees in an area will initiate a pulse of regeneration in light-demanding tree 
species, forming a relatively even-aged cohort. This is the case for most New Zealand 
canopy species, both conifer and angiosperm (Ogden 1985). Past disturbance events can 
therefore be identified from sudden peaks in age-class distributions of trees in a stand, and 
the date of events estimated from the age of the oldest trees in cohorts. 
Identification of pulses in tree recruitment reflecting disturbance events: 
In seven studies, tree spatial locations had been mapped, and separate cohorts were 
identified by the authors from an analysis of the tree age and spatial data (Duncan & 
Stewart 1991). I used all cohorts from these stands which contained more than 10 sampled 
trees (table 2.1). 
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Table 2.1. Summary of studies providing detailed data on the age structures of conifer-dominated 
stands of trees in Westland, from which disturbance events can be inferred. (a) Studies with stand 
age and tree spatial location information, (b) studies with stand age information but no tree spatial 
locations recorded. The disturbance agent was inferred from independent evidence supplied in the 
studies in most cases. However, rimu stands in Saltwater and Okarito Forest lacked independent 
evidence; I assume that tree fall initiated cohorts in these forests. 
Reference Location Key species No. of Landform Disturbance 
aged cohorts agent 
a) Studies with stand age and spatial information: 
Duncan 1991, 1993 Ohinemaka Forest Kahikatea, 9 Floodplain Floods, treefall 
rimu 
Cornere 1992 Saltwater Forest Rimu, miro 8 Old terrace Treefall 
Rogers 1995 Saltwater Forest Rimu, miro 8 Old terrace Treefall 
Van Uden 1997 Okarito Forest Rimu 4 Moraine Treefall 
Stewart et at. 1998 Saltwater Forest Rimu, miro 4 Moraine Treefall 
S. Urlich (unpubl.) MtHarata Rimu, 3 Old terrace Treefall 
kahikatea 
Wells (this study) Totara Valley Cedar 1 Old terrace Treefall 
Toaroha Valley Kahikatea 1 New terrace Floods 
b) Studies with stand age information only: 
Veblen & Stewart Hochstetter Forest Cedar 1 Old terrace Treefall 
1982 Toaroha Valley Cedar 1 Old terrace TreefalUfloods 
Kelly Range Cedar 3 Hillslopes Landslideltreefall 
Rahu Saddle Cedar 1 Debris fan Treefall 
Norton 1983 Cropp Valley Cedar 1 Hillslopes Landslide 
Stewart & Rose 1989 Camp Creek Cedar 7 Hillslopes Landslide/treefall 
G. Stewart (unEubl.) Hochstetter Forest Cedar 3 Old terrace Treefall 
In the other four studies, there was no record of the spatial locations of trees. Tree 
recruitment patterns were therefore assessed from age frequency distributions with 25-year 
age classes. I recognised a relatively even-aged cohort likely to reflect a disturbance event 
if two criteria were fulfilled: (1) > 60 % of trees had established in a 150 year interval, and 
(2) > 90 % of trees had established in a 350 year period. I also visually examined the age 
structure of each stand for separate peaks in numbers of trees establishing that might 
indicate more than one cohort. A separate cohort was recognised when there was a second 
pulse in recruitment following an older pulse, in which two criteria were fulfilled: (1) there 
was a > 100 % increase in the number of trees that established in an age class compared 
with the previous age class, and (2) > 25 % of the trees sampled in the stand had 
established during the following pulse in recruitment. Two stands satisfied these criteria, 
and I therefore identified separate cohorts in these. 
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The final data set comprised 55 cohorts, which were distributed throughout Westland from 
Paring a River to Rahu Saddle. Of all the sampled stands with detailed age information in 
Westland, only one was excluded because it showed no evidence of disturbance-initiated 
pulses in tree recruitment (Stewart & Rose 1989, plot 6). 
The probable cause of disturbance initiating each cohort was generally discussed by the 
authors of each study. Some sites had clear independent evidence of physical site 
disturbance such as flooding, landslides or terrace formation (Duncan 1993; Stewart & 
Rose 1989, plot 1; Wells, unpublished data). Where this evidence was lacking, authors had 
attributed cohort-initiating disturbances to windthrow or standing mortality. I classify these 
as "tree fall" disturbances in this study (table 2.1), because the exact cause of disturbance 
cannot be determined. 
Dates of cohort recruitment and disturbance events: 
For the 38 cohorts identified from age and spatial data, the time of cohort initiation was 
estimated from the age of the oldest tree in each cohort. Where I had access to individual 
tree ages, I used the age of the oldest tree with an addition of less than 20 years to correct 
for the increment core having missed the pith of the tree (see Section 1 basis for this). 
In the stands with age information only, I assumed that cohort initiation took place in the 
age-class during which an abrupt increase in frequency of trees establishing commenced 
(an increase of> 100 % compared with the previous age class). The age of the oldest tree 
in this class was used to estimate the date of cohort initiation. I did not have individual tree 
age information for the stands in Stewart & Rose (1989), and in these stands the dates of 
cohort initiation were estimated as the middle value of the age class. 
All maximum tree ages were standardised to a common sampling date of 1995, by adding 
on the number of years before 1995 that the data were collected. All ages are presented as 
ages at the height at which cores were extracted from trees. Tree coring height varied from 
50 to 140 cm above the forest floor. 
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Examination of regional forest disturbance patterns: 
The maximum tree ages were combined and grouped into lO-year age classes to obtain a 
region-wide picture of the timing of cohort initiation events. Cohorts were also separated 
by the apparent disturbance type that initiated tree recruitment. Two categories were 
recognised: (1) cohorts on sites with independent landform evidence of surface erosion or 
sedimentation, and (2) cohorts on surfaces that lacked independent landform evidence of 
erosion/ sedimentation in the last c. 650 years, where tree recruitment was assumed to have 
been initiated by tree fall or standing mortality. 
To look for changes in disturbance history across the region, I examined cohort ages in 
different subregions separately. Sampled locations in south Westlan~ (south of Waitaha, 
River) were clustered in two areas where sampling had been relatively intense (> 8 
cohorts), around Paringa (Duncan 1991, 1993) and Saltwater/Okarito Forests (Cornere 
1992; Rogers 1995; van Uden 1998 Stewart et al. 1998). These two areas were therefore 
separated. The Karangarua catchment study area (Section 1) provided another clear 
subregion. Sampled locations from Waitaha River to Rahu Saddle were very scattered, 
with individual catchments or study sites having one to seven sampled cohorts. All 22 
cohorts in this subregion were therefore grouped together. This provided a total of four 
subregions across which to compare temporal patterns of cohort initiation and disturbance 
history. 
Finally, I examined patterns of cohort initiation on three different landsurface types in the 
region: lowland stable surfaces (moraines, high terraces), floodplain/sedimentation zones, 
and upland hillsides. These broadly represent the most common forested surface types in 
Westland. 
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RESULTS 
1. General distribution of forest ages in Westland: 
The ages of the single oldest trees in the 55 cohorts from throughout Westland reveal 
distinctive periods of peak cohort establishment in the last 650 years, separated by periods 
of only minor establishment (figure 2.3a). A total of three p.eriods of exceptionally 
abundant cohort initiation are apparent, during which over ten cohorts were initiated. 
Oldest trees in each period range from about 1720-1760 (17 cohorts), 1640-1690 (14 
cohorts) and 1470-1530 AD (13 cohorts). Cohort initiation at other times is scattered and 
occurred at only a very few sampled sites. 
The earliest period of establishment (1470-1530 AD) in this study corresponds with the 
period of establishment about 1450-1500 AD recognised in Wells et al. (1998). However, 
the improved precision of the data in this analysis indicates that there were two c1early-
separated pulses of cohort establishment within the single peak of cohort establishment at 
1700-1800 AD recognised in Wells et al. (1998). The period 1640-1690 AD is also earlier 
than indicated by the peak at 1700-1800 AD in Wells et al. (1998). 
The same three periods of cohort initiation were evident in cohorts that originated after 
erosion/sedimentation (figure 2.3c) and in those that originated after disturbance by tree 
fall (figure 2.3b). All twelve cohorts on new surfaces were initiated during one of the three 
periods. This pattern was also evident in cohorts on upland hillsides, floodplains/river 
terraces and old stable lowland surfaces; on all three landsurface types cohort initiation 
took place predominantly during the same three periods. Disturbances during these periods 
were therefore widespread across all the major landforms in Westland, and resulted not 
only from erosion/sedimentation but also from abundant tree fall on stable surfaces. 
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(a) All cohorts from sites in Westland (n=55) 
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Figure 2.3. Age frequency distributions of the oldest trees in cohorts from scattered sites 
throughout Westland. (a) All cohorts; (b) cohorts on stable surfaces that were initiated by tree fall 
disturbance; (c) cohorts on new surfaces formed by erosion and/or sedimentation events. All tree 
ages are at the height of coring, unadjusted for colonisation delay. 
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Figure 2.4. Age frequency distributions of the oldest trees in cohorts from four separate 
subregions of Westland. Dots mark sites where cohorts were sampled. The x axis in all graphs 
gives the age of the oldest tree in cohorts (cal. AD), and the y axis gives the number of cohorts. 
All tree ages are at the height of coring (0.5-1.4 m), unadjusted for colonisation delay. 
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2. Regional consistency, and comparison with earthquake history and disturbance in 
. the Karangarua catchment: 
Cohorts within the four individual subregions (Paringa, Karangarua, Saltwater/Okarito, 
scattered sites in central and northern regions) record similar forest disturbance histories 
(figure 2.4), although sample sizes are frequently small. Cohorts initiated around 1500, 
1650 and 1750 AD are a feature of all subregions. 
The region-wide forest disturbance history recorded in the 55 cohorts from sites throughout 
Westland is very similar to the history of erosion/sedimentation in the Karangarua 
catchment. This information is summarised in table 2.2 and figure 2.5. Three of the four 
episodes identified in the Karangarua dominate the disturbance record in the wider 
Westland region also. These are the Sparkling, McTaggart and Junction episodes. All three 
episodes in the Karangarua were caused by earthquakes on the Alpine Fault. It is possible 
some disturbance events at these times in Westland are non-seismic in origin. But given the 
clear evidence for Alpine Fault earthquakes in the time ranges, these earthquakes can be 
reasonably assumed to have dominated the record. 
Table 2.2. Comparison of disturbance history in the Karangarua catchment with the regional 
disturbance history in Westland. 
Karangarua Approximate dates 
disturbance episodes* of episodes 
Ruera Episode 1825 AD ± 5 yrs 
(1840-1900) 
Sparkling Episode 
( 1720-1770) 
McTaggart Episode 
(1640-1700) 
1715 AD ± 5 yrs 
1615 AD ± 5 yrs 
Probable 
cause 
Fiordland 
earthquakes 
Alpine Fault 
earthquake 
Alpine Fault 
earthquake 
Distribution in Westland 
Restricted to southern sites 
(Paring a and Karangarua) 
Sites throughout Westland, 
from Paring a to Rahu 
Sites throughout Westland, 
from Paringa to Ahaura 
Junction Episode 1440 AD ± 20 yrs Alpine Fault Sites in Westland from 
(1460-1500) earthquake Paringa to Taramakau 
* Numbers in brackets give the age-ranges of the oldest trees in cohorts initiated during each 
episode. 
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Figure 2.5. Age frequency distributions of oldest trees in cohorts in Westland. (a) Scattered sites 
from Westland, excluding the detailed study in the Karangarua catchment; (b) Cohorts sampled in 
the Karangarua catchment; (c) All cohorts in Westland ((a) and (b) combined). All tree ages are at 
the height of coring, unadjusted for colonisation delay. 
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The present information reveals no systematic north-south variation or trends in the timing 
of disturbance in each episode across the entire region (table 2.3, figure 2.4). Age-ranges 
for oldest trees in the cohorts overlap between all subregions, and there is no indication of a 
shift in timing of a few decades across the sites that might imply different events (table 
2.3). Within the limitations of the tree age data, then, timing appears synchronous across 
the region, suggesting the earthquakes were single events responsible for forest- damage. 
Tree ages will have errors due to missing rings and variable colonisation delays, but a 
consistent difference across the region of more than about 20 years would be expected to 
show in spite of this. The data therefore show the three episodes were truly regional events, 
synchronous across the region to within about 0-20 years. Dating errors are unlikely to 
permit events less than about 20 years apart to be differentiated. 
Table 2.3. Age-ranges for the oldest trees in cohorts initiated during the Sparkling, McTaggart and 
Junction episodes of disturbance, for different subregions in Westland. 
Age-range of oldest trees in cohorts from the episodes 
(yrs AD) * 
Subregion Sparkling 
Paring a 1745 - 1762 (3) 
Karangarua 1721 - 1766 (23) 
Saltwater / Okarito 1720 - 1754 (4) 
Scattered northern sites 1730 - 1765 (9) 
McTaggart 
1659 ( 1) 
1643 - 1695 (16) 
1645 - 1689 (6) 
1655 - 1670 (6) 
Junction 
1484-1510 (3) 
1464 - 1494 (5) 
1476 - 1526 (8) 
1485 - 1514 (2) 
(Paringa to Rahu) (Paringa to Camp Ck) (Paringa to Hochstetter) 
Summary for all sites: 1720 - 1766 (39) 1643 - 1695 (29) 1464 - 1526 (18) 
* Numbers in brackets give the number of cohorts in each subregion dating from the episode. 
I investigated the spatial distribution of cohorts initiated by the earthquakes in greater 
detail. This information is summarised in figure 2.6, and shows the location of sampled 
cohorts dating from each episode. Dots represent catchments or single forests where more 
than one sampled cohort dated from that episode; crosses indicate catchments or forests 
where a single cohort dated from that episode. 
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Figure 2.6. Diagram of the locations of cohorts of trees in Westland that were initiated during the 
three regional episodes of forest disturbance related to Alpine Fault earthquakes. Dots indicate 
individual sites with> 1 sampled cohort dating from the episode; crosses indicate sites with one 
sampled cohort dating from the episode. 
Major disturbance during the Sparkling episode is present at all sample locations from 
Paringa to Hochstetter Forest, a distance of 230 km. The two sampled locations north of 
here suggest this episode extended at least to Rahu Saddle also, a total distance of over 250 
km. 
The McTaggart and Junction episodes were both represented at the southernmost sampled 
location. Cohorts from the McTaggart episode were present at most sites as far north as 
Hochstetter Forest, a distance of 230 km. Cohorts from the Junction episode extended to 
Camp Creek (190 km), but were best represented in the southern sites, probably reflecting 
sampling intensity. The range of sites impacted may expand as more forest age data 
. become available. 
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The most recent episode in the Karangarua catchment (the Ruera episode) does not appear 
to have caused major forest disturbance in Westland. The only two cohorts dating from this 
time were at the southernmost site in Ohinemaka Forest, and were initiated by tree fall 
events (figure 2.3, Duncan 1991). In Section 1, I concluded that the Ruera episode was 
most probably caused by the 1826 Fiordland earthquakes. The lack of evidence for this 
episode in regions north of the catchment is consistent with this interpretation. 
Other disturbance events apart from the four main episodes are recorded in the forests of 
Westland (figures 2.3 and 2.5). Events are indicated by cohorts initiated about 1800 AD (3 
cohorts), 1600 AD (5 cohorts) and 1370 AD (4 cohorts). All these events are clearly 
preserved in the Karangarua catchment and in Saltwater Forest (figure 2.4), and the earliest 
two events may also have affected the northern subregion. All cohorts of these ages outside 
the Karangarua were on old stable surfaces and had originated after tree fall disturbance, 
where smaller-scale events are less likely to be destroyed by subsequent earthquakes. 
3. Overall disturbance regime in centraVsouth Westland: 
The results of this analysis reveal a remarkably clear and consistent history of disturbance 
in the Westland region, strongly linked to infrequent earthquakes along the Alpine Fault. 
Three Alpine Fault earthquakes in the last 650 years have caused widespread synchronous 
erosion/sedimentation and tree fall over the entire region. These impacts apparently 
dominate the present landscape and forest structure from at least Paringa to Hochstetter, a 
distance of 230 km. 
The overall disturbance regime is similar to that described for the Karangarua catchment 
(Section 1). Occasional very major disturbance episodes caused by Alpine Fault 
earthquakes initiate synchronous massive forest establishment across the region. In 
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between these large regional events, individual catchments or subregions are apparently 
impacted by more localised severe disturbances, such as earthquakes on other faults or 
large storms (eg the Ruera episode at Karangarua and Paringa). However, these appear to 
be of secondary importance to Alpine Fault earthquakes even in these local areas. The 
results also indicate that less-intense but regional disturbances occasionally impact the 
landscape in Westland. This reflects the cohorts initiated about 1800, 1600 and 1370 AD. 
These most probably reflect severe storms that affected large areas, maybe related to the 
national stormy intervals proposed by Grant (1985). However, intervals between large 
earthquakes have been sufficiently short to ensure that small-scale events have not had a 
significant impact on regional forest structure. 
Overall, seven disturbance events that affected at least two subregions of Westland are 
recorded in Westland's forests in the last 650 years. These are indicated by cohorts initiated 
about 1850, 1800, 1740, 1650, 1600, 1480 and 1370 AD (table 2.4). Three of these were 
truly regional disturbances that are clearly preserved on all surface types and subregions. 
Other events are more limited in extent, and largely restricted to stable surfaces disturbed 
by tree fall. 
Table 2.4. Summary of disturbance events recorded in Westland's forests over the last 650 years. 
Approximate age of Probable cause Extent of disturbed 
oldest trees in post- sites 
disturbance cohorts 
(years AD) 
1860 ± 25 
1800 ± 15 
1745 ± 25 
1660 ± 25 
1600 ± 15 
1485 ± 25 
1370 ± 15 
Fiordland earthquake 
Storms 
Alpine fault earthquake 
Alpine fault earthquake 
Storms 
Alpine fault earthquake 
Storms 
Paringa, Karangarua 
Karangarua,Okarito 
Paring a to Rahu Saddle 
Paringa to Hochstetter 
Karangarua, Saltwater, 
CampCk 
Paringa to Camp Ck 
Karangarua, Saltwater, 
Harata 
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4. Storm- versus earthquake-induced forest disturbance: 
The dominant role of earthquakes in erosion/sedimentation was clearly demonstrated in the 
Karangarua catchment (Section 1). This pattern is also true for the Westland region in 
general, based on the information summarised in this study (figure 2.3c). At a regional 
scale, therefore, forest disturbance from erosional processes is controlled largely by Alpine 
Fault earthquakes. 
Very little is known about the mechanisms of forest disturbance on landforms in Westland 
where forest dynamics are driven by tree fall or standing mortality. Windfall and stand 
senescence have usually been inferred as the primary factors initiating forest disturbances 
on these surfaces (Norton et al. 1988; Cornere 1992), although seismic shaking 
accompanying Alpine Fault earthquakes has been suggested as a possible mechanism in 
lowland rimu forest (Bull 1996; Stewart et al. 1998). The results of this study provide some 
valuable insights to this. Thirty-two of the 43 cohorts on stable surfaces were initiated at 
times that correspond with the last three Alpine Fault earthquakes and with the cohorts 
from erosion/sedimentation events (figure 2.3b). All or most of the cohorts in each pulse 
can therefore be reasonably assumed to have been initiated by tree fall caused by strong 
earthquake shaking. This suggests that Alpine Fault earthquakes are a primary mechanism 
of forest disturbance on stable surfaces as well as on surfaces impacted by erosion 
processes. 
This pattern is clear in the lowland rimu forests of Saltwater and Okarito forests (figure 
2.4). Eighteen of the 24 cohorts were initiated during the three episodes, and disturbances 
can therefore be ascribed to treefall and/or mortality induced by seismic shaking. 
Cohorts initiated at times outside of the Alpine Fault earthquake pulses can be assumed (in 
the absence of other evidence) to have arisen through storms. This amounts to just 11 of 
the 55 cohorts in Westland, and all were on stable surfaces impacted by tree fall. This 
suggests that storms have not been as influential as earthquakes in the structuring of 
Westland's forests over the last 650 years. 
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DISCUSSION 
This study confinns the suggestion of Wells et al. (1998) that regional forest dynamics and 
structure in Westland are dominantly influenced by infrequent regionally-synchronous 
disturbances accompanying large Alpine Fault earthquakes. Compared with forest 
disturbance from other processes, earthquake-induced tree fall and erosion appears to 
predominate over the entire study area and on all land surfa~es. 
There is no doubt, though, that stonn-induced and localised events also play an important 
role. This study identified at least 4 non-Alpine Fault events since 1350 AD, some of which 
may have impacted sites a large distance apart. Historically, severe stonns have caused 
quite major disturbance to forests or catchments. For example Robinson's Slip on the tl1Je 
right of the Waitaha River fonned in 1903 during an intense rain stonn, and has fonned a 
major fan in the lower reaches of Macgregor Creek. Major floodplain sedimentation and 
forest mortality also affected the lower Cook River in the 1970's. Numerous observations 
of large areas of windthrown forest have likewise been recorded in Westland over the last 
century (eg Hutchinson 1932; Conway 1952) 
The critical point however is that these events do not appear to have massive synchronous 
impacts at a regional scale. Apparently damage from each event is restricted to a few sites 
in the local area of most intense storminess, but each event was not a regional extreme 
event. Over time these intermittent smaller-scale events will occupy an increasing area of 
the forest mosaic. However, intervals between earthquakes have been sufficiently short to 
ensure that small-scale events have not accumulated and left a significant imprint on 
regional forest structure. 
Implications for regional forest dynamics: 
This study demonstrates that disturbances from large Alpine Fault earthquakes in Westland 
have initiated regionally-synchronous cohorts of conifer trees across at least 250 km of the 
landscape, and on all land surfaces. Three events in the last 650 years have caused regional 
disturbance on a catastrophic scale, with intervals between events from about 100 years to 
280 years (elapsed). This contrasts with an expected life span for conifer stands of at least 
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500 years, and longevities of individual trees of up to 1000 years (Ogden & Stewart 1995). 
Synchronising exogenous disturbances have therefore been frequent enough in the last 650 
years, relative to conifer tree longevities, so that new cohorts are initiated before 
widespread senescence and autogenic canopy collapse have impacted large areas. 
This history of catastrophic earthquake events can help explain the widespread distribution 
and persistence of dense conifer stands in Westland. Abundant stands arising from canopy 
collapse or stonns are restricted in extent because of the frequency of large earthquakes 
acting as synchronous exogenous disturbances. The long-observed regional pattern in 
Westland of a predominance of stands of trees of a similar size structure (Holloway 1957; 
Wardle 1963) is a consequence of synchronous disturbance and forest re-establishment , 
accompanying Alpine Fault earthquakes. Similarly, the observed dominance of mature 
stands of trees and the relative lack of young small-sized stands (Cockayne 1928) is 
explained by the long elapsed time since the last Alpine Fault earthquake (c. 280 years). No 
regional devastating event has impacted Westland since this time to initiate many young 
stands. 
The frequency of Alpine Fault earthquakes has therefore played a crucial role in the 
dynamics of Westland's forests since 1350 AD, maintaining the dominance of disturbance-
initiated even-aged stands across the landscape. However if earthquakes were separated by 
longer periods of> 500 years the forests could be expected to enter a regional senescence 
phase; the landscape forest structure would change as autogenic collapse and stonns 
became increasingly important in stand dynamics. 
Reliable long-tenn estimates of Alpine Fault earthquake recurrence interval extend back 
about 1300 years. The best available infonnation suggests six earthquakes have occurred 
since 600 AD. The three most recent have been identified in this study (1715, 1615 and 
1440 AD), and three earlier events were inferred by Yetton (unpublished data) based on 
radiocarbon dates from sag ponds and rock avalanches. These are estimated to have 
occurred around 1200 AD, 940 AD and 600 AD. While it is possible some intennediate 
events have not been recognised, this provides a conservative estimate of earthquake 
frequency in the last 1300 years. 
138 
These data indicate an average recurrence interval of about 230 years, and intervals 
between consecutive events varying from approximately 100-350 years. On this basis, for 
at least the past 1300 years large Alpine Fault earthquakes have been consistently frequent 
enough so as to have dominated the regional vegetation and landscape dynamics. The 
disturbance regime and forest structure described in this study has therefore typified the 
region for many centuries. 
Long-term population dynamics of conifer forests in New Zealand have been generalised 
by Ogden & Stewart (1995) in the so-called "lozenge model". In this model a severe 
widespread exogenous disturbance is required to initiate an approximately even-aged 
cohort of conifer trees across the landscape. As this cohort matures and starts to suffer 
dieback, a second autogenic disturbance initiates a new but depleted cohort that is less 
synchronised across the landscape. The conifers could be maintained through this 
autogenic process for a number of cohort life-spans, but only a new catastrophic 
disturbance can enlarge and re-synchronise cohorts and maintain their dominance. 
The disturbance history and forest structure described for Westland in this study differs 
from the lozenge model, however, in that the protracted development of a second cohort 
(and subsequent ones) stemming from autogenic disturbance processes is not widespread 
across the landscape. Repeated resynchronising of cohorts across the landscape after large 
exogenous disturbance events is dominant, rather than autogenic canopy collapse. This 
reflects the frequency of large regional disturbance episodes caused by Alpine Fault 
earthquakes. In Westland it is therefore rare for many stands to undergo canopy collapse 
and initiate protracted second cohorts. For example few stands have survived the Junction 
episode (550 years ago), and even those that did most likely have a few centuries left 
before a second cohort emerges via autogenic collapse. By then there will be even fewer 
old stands, because the next Alpine Fault earthquake will probably have occurred. 
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Dynamics of lowland rimu-dominated forest: 
Lowland rimu-dominated forest occupies large areas on old stable surfaces such as 
moraines and high terraces in Westland. These forests have undergone the most intensive 
study of any forest type in Westland, reflecting their importance in management as a timber 
resource (Norton et al. 1988). This present study adds to our understanding of disturbance 
regimes of such forests. 
The earliest investigators of these forests suggested that regeneration occurred in relatively 
even-aged groups of trees, reflecting disturbances most probably caused by windthrow 
(Hutchinson 1932), and all subsequent studies of age structure have confirmed this pattern 
(Six Dijkstra et al. 1985; Cornere 1992; Rogers 1995; Stewart et al. 1998; van Uden 1998) 
Several authors have independently noticed pulses of recruitment in more than one stand in 
Saltwater Forest about 250 and 500 years ago (Cornere 1992; Stewart et al. 1998), and 
suggested the possibility that widespread disturbance may have affected the forests in the 
past. 
This study has demonstrated that many of the forest stands in Saltwater and Okarito Forests 
were initiated synchronously during large Alpine Fault earthquakes. Tree fall induced by 
seismic shaking is the most probable cause of disturbance from the earthquakes in most 
stands. 
The impacts of an earthquake upon forests on old stable surfaces where tree fall is the 
mechanism of disturbance is likely to depend on the time since the previous earthquake. 
The longer the interval, the more old stands there will be. Old stands are likely to be more 
susceptible to tree fall from seismic shaking (due to their greater height and mass), and the 
potential impact is consequently greater. A long time has elapsed since the last earthquake, 
and many stands are about 500 years old. The next large earthquake could therefore cause a 
significant amount of forest toppling and mortality in these forests. 
140 
A recent investigation in Saltwater Forest (Almond 1997) has identified a relationship 
·between soil drainage and the age/size structure of the forest. Specifically, the youngest 
cohorts of trees dominate on the most poorly-drained soils, while older cohorts dominate 
on better-drained soils. This indicates that forest disturbance and cohort initiation have 
occurred more often and more recently on poorly-drained sites, presumably because these 
soils are more susceptible to cohort-initiating disturbances. Almond (1997) attributes this 
to reduced soil cohesion and tree wind-firmness, although the functional relationship 
between soil drainage and windfall susceptibility is uncertain. 
This study has demonstrated that many of the youngest cohorts in Saltwater Forest were 
initiated by earthquake-induced damage rather than by windthrow. Earthquake shaking, 
would be expected to cause the greatest forest toppling and tree disturbance on the most 
poorly drained land surfaces. These soils lack structure, can be very fluid, and consequently 
provide weak rooting mediums. Severe shaking is likely to cause movement of the wet soil 
mass and a greater incidence of tree fall than on more coherent drier soils. This may also 
explain the observation that the size of disturbed patches appears to be larger (1-20 ba) on 
level poorly-drained soils and smaller « 2 ha) on better drained soils on sloping inland 
sites (James 1987; Norton et al. 1988). 
The evidence here for widespread synchronous disturbance in Saltwater Forest could have 
implications for forest harvesting schemes and calculations of sustainable yield. The 
sudden mortality of many forest stands over a period of a few years has two immediate 
implications: much of the fallen volume may not be recoverable, and many trees may not 
live to reach the desired harvesting age. Both these factors suggest the need for a cautious 
approach in calculations of long-term forest productivity and yield for sustainable rimu 
management. Actual harvestable volume may be considerably lower than calculations from 
growth rate and rotation length would suggest. 
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Disturbance regime in non-conifer forests in Westland: 
This review has focussed exclusively on the conifer-dominated forests of Westland. 
However large areas are dominated by stands of angiosperm species, particularly rata, 
kamahi and beech. The regional dynamics of these species may differ from the conifer 
species, because stands of angiosperm trees in Westland have much shorter life spans (up 
to about 350 years) (Wardle 1966; Wardle 1984). Stands will therefore senesce and become 
prone to windthrow more quickly after an earthquake than the longer-lived conifers. 
Consequently it could be expected that many stands of angiosperm trees initiated by Alpine 
Fault earthquakes will suffer storm damage and autogenic canopy collapse before the next 
devastating earthquake occurs. This would become increasingly the case when the interval 
between earthquakes was close to the maximum stand age of about 350 years. It is 
therefore likely that the dynamics of many angiosperm-dominated forests in Westland may 
be dominated less by Alpine Fault earthquakes than for the conifer species, with storms and 
senescence playing a more significant role. Nevertheless, earthquake-induced stands would 
be expected to dominate forest structure for at least 200-250 years after an event. 
A prominent feature of Westland is the abundant mature even-aged ratalkamahi stands. 
These predominate on steep unstable hillsides that have been subjected to mass movement 
in the past, and provide evidence of massive probably synchronous disturbance. Wardle 
(1980a) observed this in Westland National Park and suggested the stands recorded a major 
earthquake that had triggered many landslides. Stands of a similar size structure are 
obvious along the front-ranges and middle reaches of all valleys from at least Paring a River 
to Haupiri River (Rose et al. 1992), and it is likely that many formed at about the same 
time, most probably during the last Alpine Fault earthquake. These stands are within a few 
kilometres of the Alpine Fault in the zone where maximum shaking intensity would be 
experienced during an earthquake (Yetton et al. 1998). 
Wardle (1980a) cored trees in two stands near Fox Glacier, and estimated dates of 
initiation at about 1730-1740 AD. The only other age information is from two stands on 
landslides in the Karangarua Valley (surface L4 and Maimai Creek); oldest trees dated 
back to 1723 and 1740 AD. The ages of all four stands indicate the landslides occurred 
during the Sparkling episode of disturbance, associated with the last Alpine Fault 
earthquake. 
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These stands have a similar structure and stage of maturity throughout Westland, and all 
are near the Alpine Fault on sites prone to massive instability during an earthquake. It is 
therefore possible that the majority of the mature even-ageci ratalkamahi stands in the 
region were initiated synchronously during the last Alpine Fault earthquake. If this is the 
case, the dynamics of catastrophic regeneration of these stands at many sites is also 
controlled largely by infrequent Alpine Fault earthquakes. 
Rata/kamahi forest dieback: 
Widespread dieback of stands of ratalkamahi at mid elevations in Westland has occurred 
over the last 50 years (Chavasse 1955; Stewart & Veblen 1982). Much debate has taken 
place as to the most probable causes of this phenomenon, especially in relation to the role 
of possum (Trichosurus vulpecula) browsing (Batchelor 1983). A clear coincidence was 
identified between increased possum numbers and major forest dieback, while forests in 
areas with low possum numbers remained in good health. However, several factors 
indicated possums were not the sole explanation of the dieback. It was observed that young 
stands of trees in areas with high possum numbers were apparently unaffected by mortality. 
This was attributed to the vigorous regrowth in these stands (Payton 1988). Further, 
mortality had been observed consistently from the 1890's, before possums were liberated 
in the region. Also, a very similar dieback phenomenon was observed in Metrosideros 
forest in Hawaii, where browsing mammals had not been recently introduced (Mueller-
Dombois 1983). 
Veblen & Stewart (1982b) suggested that natural stand dynamics were equally important in 
explaining dieback. This explanation proposed that many stands of trees had originated at 
about the same time following a massive regional disturbance, and consequently these 
stands had reached a stage of maturity and senescence synchronously, becoming 
susceptible to major canopy mortality. An outside influence such as possum browse would 
therefore be more likely to trigger tree death in these stands already weakened as a 
consequence of their age. 
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These ideas were formalised in the theory of cohort senescence to explain forest dieback 
episodes (Mueller-Dombois 1983; Stewart & Veblen 1983). Cohort senescence refers to 
the synchronous dieback of even-aged groups of trees that reach a susceptible stage at 
about the same time. In this theory, dieback is attributed to a progression of three factors: 
factors predisposing stands, factors triggering or initiating dieback, and factors hastening 
further decline. Even-aged stands of pioneer tree species lose vigour during stand 
development, and as they mature they are predisposed to sudden death triggered by some 
exogenous perturbation (eg drought, possum browsing) which acts as a shock to the 
stressed trees (Akashi & Mueller-Dombios 1995). This opens the canopy and the stands 
become susceptible to further mortality from other factors such as windfall or insect attack, 
which accelerate the dieback. In this way dieback is usually explained as stemming from 
predisposition through stand-level senescence, which itself reflects a history of catastrophic 
disturbances. 
More recent studies have definitively linked possum-triggered dieback to mature stands. 
Mature stands browsed by possums display less vigorous regrowth, leading to a loss of 
canopy closure and increased exposure to continuing damage from other agents (wind, 
insects) (Payton 1988). Also, old stands tend to have more subcanopy hardwood species, 
making them more susceptible to possum-triggered dieback because these species are 
preferred food for possums (Stewart & Rose 1988). A regional abundance of aging stands 
resulting from an earthquake several centuries ago is therefore likely to show synchronous 
dieback on a large scale. 
The possibility that disturbance from a large earthquake on the Alpine fault initiated many 
of the mature even-aged stands prone to dieback in Westland has often been mentioned in 
relation to this topic (Wardle 1966, 1980a; Stewart & Veblen 1982), but the lack of direct 
evidence for this has hindered more definite conclusions. 
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The results of this study indicate that many of the mature even-aged ratalkamahi stands 
throughout Westland were most probably initiated synchronously during the last Alpine 
Fault earthquake in the early 1700' s. Many of these stands will now be between about 240-
280 years old, and likely to be reaching a state of old age or senescence. Further, stands 
surviving from the McTaggart episode of disturbance (related to the penultimate 
earthquake about 280 years ago) would also be in a vulnerable condition to possum-
triggered dieback. No ratalkamahi stands of this age have been sampled, but it is probable 
that some were not disrupted by the most recent earthquake. These would now be aged 
between about 330-360 years old, and therefore be particularly predisposed to perturbations 
such as possum browse. This might also account for the widespread dieback of forest in 
Westland during the 1890's, even in the absence of possums (Holloway 1957). 
This provides strong evidence supporting the ideas of Stewart & Veblen (1982) that many 
stands in Westland are predisposed to sudden decline as a consequence of the past history 
of catastrophic disturbances. Possums may have been able to cause forest dieback on a 
spectacular scale in Westland because a large proportion of the stands are in a susceptible 
state, reflecting the regional abundance of old stands initiated during the last two 
devastating Alpine fault earthquakes. With increasing time before the next earthquake, 
then, dieback events in these aging stands could be expected to continue. 
Other studies around the world: 
Similar patterns of long-term, earthquake-caused damage to forest have been documented 
in other studies around the world. The most detailed example is from south-central Chile. 
Here, a history of large earthquakes over the last 500 years has kept much of the vegetation 
in early successional stages and maintained the dominance of Nothofagus species (Veblen 
& Ashton 1978). The authors also conclude that without these periodic regional 
disturbances forest composition and structure would alter greatly. Two studies from rugged 
tropical forests in Papua New Guinea and Panama have also suggested that earthquake-
caused landslides are an important part of the disturbance regime that keep large areas of 
forest in young successional stages (Garwood et al. 1979). However these studies are based 
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on earthquake records of just 30-75 years, and interpretations of the long-term significance 
-of earthquakes are therefore speculative. 
Limitations of the data: 
In this study regional forest history is inferred from the timing of cohort initiation in 
sampled stands scattered throughout Westland. The interpretation of these data therefore 
assumes that the sample is representative of the forest stands in Westland, and that the 
frequency of cohort initiation provides a realistic representation of the spatial extent and 
severity of impacts across the landscape. However, the data set does not represent an 
objective sample of forest stands, and for this reason bias in selection towards stands of a 
certain age structure is possible. Likewise. areas with good potential to record earthquake 
damage to forests may have been favoured. 
However, it is most unlikely that the peaks in cohort initiation are the result of a bias in 
stand selection. The most important point to support this is that the detailed study in 
portions of the Karangarua catchment has shown a similar history of disturbance to that 
from the scattered regional sample. This indicated the Alpine Fault earthquakes initiated 
the most cohorts and disturbed the greatest area. Further, this pattern was present in other 
local areas where several cohorts were sampled (Paringa and Saltwater). 
It is possible that young stands of trees « 150 years old) have been undersampled, as most 
of the reviewed studies aimed to select well established stands of trees for sampling. 
Cohorts initiated over the last 150-200 years may be under-represented in the regional 
sample. The detailed study at Karangarua has shown that, despite the dominance of older 
disturbances, some major events have impacted this catchment in the last 200 years. 
However, this is most unlikely to alter the interpretations of regional disturbance history, 
given that small-sized and thus young stands of conifer species in Westland are notably 
uncommon (Cockayne 1928; Holloway 1954; Wardle 1963; June 1982). 
It may be true that the actual importance of storm-induced events between Alpine Fault 
earthquakes is under-represented by the information in this review. This is because 
146 
disturbances accompanying an earthquake are probably so great that many of the sites 
. disturbed since the last earthquake by storms are re-disturbed and their record destroyed. 
This is especially probable on landforms disturbed by erosion/sedimentation. The impacts 
of storms here are usually restricted to key vulnerable sites such as recurrent landslide 
scars, stream margins and low river terraces. A large earthquake is likely to re-disturb these 
sites, as well as causing disturbance over a wide range of landforms and forest structures. 
However, on stable surfaces where tree fall is the mechanism of disturbance and is 
therefore more dependent on stand structure and susceptibility, events between earthquakes 
will probably be preserved. The record of disturbance from tree fall therefore probably 
provides a reasonably accurate reflection of the significance of storm-induced disturbance 
to forest dynamics. 
Overall, then, this bias does not alter the conclusion that earthquakes have had by far the 
dominant impact on Westland's forests, and have occurred with sufficient frequency and 
severity to ensure that storm-induced impacts have not accumulated greatly in the 
landscape. 
Because storms are less intense than earthquakes, they may only partially impact older 
cohorts of trees initiated during severe earthquake disturbance. The storm damage could 
often be insufficient to initiate enough new trees to enable recognition of a disturbance-
induced pulse in regeneration. This could contribute to the large age-ranges spanned by 
some cohorts. For example, protracted recruitment of canopy trees (spanning up to 300 
years) has been noted in cohorts in lowland rimu forest. Two scenarios have been proposed 
to account for this (Comere 1992; Rogers 1995): (1) successive disturbance events may 
affect a stand over a period of time, leading to protracted canopy dieback, or (2) a single 
disturbance may initiate canopy dieback, followed by an extended period of progressive 
canopy mortality in response to this. As most of the cohorts were initiated at the times of 
the last three Alpine Fault earthquakes, scenario 2 has probably predominated in these 
forests. Tree fall induced by seismic shaking may have removed a proportion of the 
canopy, and initiated dieback of much of the remaining canopy over the following decades. 
However, a canopy partially opened by earthquake tree fall is also more susceptible to wind 
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fall during severe stonns. Once a stand is opened up the remaining trees become more 
vulnerable to both wind disturbance and mortality caused by the changed environmental 
conditions. In reality both scenarios have therefore probably operated in a stand (Corn ere 
1992). 
Regional ecological consequences: 
The simultaneous disturbance of many forest sites and new surface fonnation over a large 
region of Westland has important ecological consequences. Changes in species abundance 
and diversity at a regional scale would be expected, with an increase in early seral species 
such as ribbonwood, fuchsia and wineberry following each earthquake. Many conifer 
species that rely largely on new surfaces to fonn dense stands would increase in abundance. 
This is particularly true for stands of cedar and totara in upland and valley sites; these 
species fonn dense stands predominantly on bared sites, and their maintained dominance in 
the landscape can be directly attributed to these periodic exogenous disturbances. In the 
absence of these events, the dominance of more shade tolerant species or those able to 
colonise small gaps (eg kamahi, mira) would be likely to increase in these stands. 
148 
SECTION THREE 
PALEOSEISMICITY OF THE ALPINE FAULT SINCE 1350 AD: 
A SYNTHESIS OF PRESENT INFORMATION. 
INTRODUCTION 
The Alpine Fault is the largest active fault in New Zealand, and spans 650 kIn from 
Milford to Blenheim. It poses a substantial earthquake hazard, though there have been no 
ruptures for over 150 years of historical records. Measured high average slip rates, high 
geodetic strain rates, and lack of evidence for creep movement all suggest that the Fault ' 
generates large earthquakes (Berryman et al. 1992). Along the central section of the Fault 
in Westland, strain has been inferred to accumulate until released as faulting associated 
with magnitude 7.4-8 earthquakes (Adams 1980a; Berryman et al. 1992). 
Berryman et al. (1992) have divided the Alpine Fault into four sections, which they defined 
on the basis of geomorphology and structural style. These are the most northern Wairau 
section, the north Westland section from Tophouse Saddle to Taramakau River, the central 
Westland section from Taramakau to Haast River, and the most southern section extending 
south to Milford Sound (figure 3.1). 
Very few paleoseismic studies have been published for the Alpine Fault, and consequently 
our understanding of critical aspects of fault behaviour such as rupture timing, extent and 
recurrence intervals is limited. This is despite the importance of the Fault to the seismology 
and geological structure in the South Island, and regional landscape disturbance regimes. 
Information on the timing and extent of past earthquake events is therefore a high priority 
for research. This is especially so for the central section of Fault, which is nearest to major 
population centres and is also where the largest earthquakes could be expected (Berryman 
et al. 1992). 
Paleoseismic inferences have been further restricted by several limitations inherent in the 
methods applied to the Fault. Direct studies of the fault trace have necessarily relied on 14C 
ALPlNE F AUL T SECTIONS 
<DWAIRAU 
~ NORTH WESTlAND CENTRAL WESTlAND 4 SOUTH WESTlAND 
......-36" relative plate motion 
rate and vector (mm/yr) 
166· 
C:! 
~ 0 
0 
I 
168· 170· 
149 
44· 
, 
N 
46· 
100 200 km 
I I 
172· 1740 
Figure 3.1. Division of the Alpine Fault into four sections after Berryman et al. (1992). 
The sections do not necessarily represent rupture segments. Figure adapted from Berryman 
et al. (1992). 
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dating to provide age estimates for ruptures and landscape damage. These studies provide 
14C ages for events at a specific site, but the date ranges are so broad that it is not possible 
to assess the synchrony of ruptures between sites with any certainty. Sites with overlapping 
date ranges are assumed to record the same event, but this is speculative. For example the 
last earthquake at many sites gives a date of 'post 1665 AD' (Yetton 1998). 
Indirect evidence currently applied near the Fault in Westland has also been reliant on 14C 
dating. This has the same problems, and has not been successful in refining dates of 
earthquakes or assessing synchrony between sites (Adams 1980a; Yetton 1998). The one 
application of an indirect method with greater dating resolution (lichenometry, Bull 1996) 
used information from sites at least 20 km distant from the Alpine Fault in the eastern high 
country. These sites are much closer to many active faults in the South Island other than the 
Alpine Fault, and it is therefore likely that earthquakes on these other faults have confused 
(or possibly even dominated) the lichen record. The inferred Alpine Fault earthquake 
record is therefore potentially in error, and requires testing using information from adjacent 
to the Fault (Bull 1996). 
A key requirement to increase our understanding of fault behaviour is thus the application 
of indirect indicators of past earthquakes in the Westland region close to the Alpine Fault 
that have a dating resolution significantly greater than radiocarbon. This would enable 
much more confident assessments of earthquake timing, recurrence intervals, rupture 
lengths, and probable synchrony of recent earthquakes along the Fault. 
This Section: 
Although investigations of paleoseismicity usually focus on primary evidence provided by 
fault traces and associated surface modifications, paleoseismic analysis is greatly 
strengthened by using indirect indicators to identify and date seismic events (McCalpin 
1996). This is especially so when this provides an increased resolution to dating. The most 
applicable indirect indicator of past earthquakes on the Alpine Fault is forest establishment 
history and tree-ring growth disturbance. This thesis has identified regional episodes of 
forest disturbance and re-establishment which coincide with the date-ranges for the most 
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recent three Alpine Fault earthquakes inferred from geological data (Yetton 1998; Adams 
1980a). Further, tree-ring chronologies are present in Westland which may record the 
timing of the last event. 
In this chapter three potential indicators of past Alpine Fault earthquakes are applied to the 
existing paleoseismic information of Yetton (1998), Bull (1996), Cooper & Norris (1990) 
and Adams (1980a). These are (a) forest cohort ages which indicate periods of synchronous 
regional forest disturbance and re-establishment after the earthquakes, (b) tree-ring growth 
anomalies in trees from the Copland Valley which have survived previous earthquakes but 
are amongst CohOltS that originated from the earthquakes, and (c) crossdated tree-ring 
chronologies from ten scattered sites in Westland that may record the most recent Alpine 
Fault earthquake. 
This combined information allows significant advances to be made in understanding 
earthquake history along the central Alpine Fault over the last 650 years. 
The first section reviews previous paleoseismic studies on the Alpine Fault, followed by a 
summary of the forest disturbance record identified in this thesis and a justification for 
applying the information to earthquake studies. The geologic and forest data are then 
combined to examine the earthquake history along the central Alpine Fault indicated by all 
the available information. Areas covered are the timing and extent of the last three 
ruptures, earthquake recurrence intervals, uplift rates, and a comparison with previous 
estimates of Alpine Fault earthquake history. Finally, crossdated tree-ring chronologies 
developed at South Island sites are examined in an attempt to precisely date the last Alpine 
Fault rupture and determine its likely extent and synchrony of rupture along the Fault. 
1. REVIEW OF PREVIOUS WORK ON PALEOSEISMICITY OF THE ALPINE 
FAULT 
(i) Investigations prior to 1997: 
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Two studies have used indirect evidence to research seismicity during the past 1-2000 years 
along portions of the fault (Adams 1980a, Bull 1996), and one study has used more direct 
analysis of sag ponds near the fault scarp to investigate the Fault's recent history in 
Fiordland (Cooper & Norris 1990). These three studies are briefly outlined here. 
Adams (1980a): The study of Adams (1980a) was the earliest attempt at estimating 
earthquake history on the Alpine Fault. Adams collated ten 14C dates from landslides and 
aggradation terraces in central and south Westland, and inferred past regional earthquakes 
on the Alpine Fault when two or more dates approximately coincided. The dates implied 
four earthquakes over the last 2000 years, with the most recent event about 550 years ago. 
However, Adams commented that the record may be incomplete and that intermediate age 
earthquakes may be identified by future studies. 
Bull (1996): Bull used lichenometric dating of rockfalls to infer a very different seismic 
history for the central Alpine Fault. The study involved measuring thousands of lichen 
diameters on fallen blocks, and estimating the date of block-fall from the diameter and 
growth rate of the largest lichen on each block. The study sites were all at least 20 km east 
of the Fault and extended from about Lake Wanaka to Lake Rotoiti. Regional rockfall 
events, assumed to be caused by Alpine Fault earthquakes, were identified in which peaks 
in the lichen size frequency distributions were found over many widely separated sites. 
Bull identified four regional peaks in lichen size modes since 900 AD that he infers were 
the result of earthquakes on the Alpine Fault. These date from 1748,1489,1226, and 967 
AD (all ± 10 years). This suggests a very constant recurrence interval of 261 ± 14 years, 
with about 250 years elapsed since the last earthquake. 
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Cooper & Norris (1990): This study involved the radiocarbon dating of material excavated 
from sag ponds near the Alpine Fault scarp at John O'Groats River near Milford (figure 
3.2), as well as estimates of the age of trees near the Fault that had lost their crowns 
probably as a result of earthquake shaking. The combined information dated the most 
recent Alpine Fault earthquake in Fiordland at between 1650 AD and 1725 AD. The more 
. . 
direct investigation of the fault zone in this study makes it the most reliable work published 
before 1997. 
(ii) Investigations since 1997: 
Yetton (1998): 
In the last two years major advances have been made in paleo seismic studies on the central 
and northern Alpine Fault through the study ofYetton (1998, and unpublished data). The 
key aspects of this work are summarised here. 
Yetton (1998) excavated trenches and pits across the trace of the Alpine Fault at five 
locations between the Toaroha and Ahaura Rivers (figure 3.2). Standard methods of 
trenching were applied to investigate rupture history in each trench. Basically the timing of 
past fault ruptures and associated earthquakes was estimated by defining and dating older 
sheared strata and overlying younger post-earthquake sediments, using 14C dating. Yetton 
(1998) should be consulted for details of methodology and trench logs, as only the critical 
points are noted here. 
Table 3.1 summarises the information from the trenches at each site, and interpretation of 
rupture history. The dates of ruptures were consistent with one another between sites, and 
the data indicate that two rupture events in the last 500 years have occurred on this section 
of the Alpine Fault. The most recent event occurred post 1665 AD, and was found in 
trenches from Toaroha River to Haupiri River. This rupture was not found in the trenches 
north of Haupiri though, indicating a northern limit for this event between Haupiri and 
TASMAN 
SEA 
John 
O'Groats 
[p====~2~5 ...... i50km 
SOUTHERN 
ALPS 
o Sites with sampled forest 
cohorts 
• Sites of radiocarbon-
dated landslides and 
terraces (Yetton 1998) 
154 
Figure 3.2. Map of Westland between Rahu Saddle and Okuru River, showing the Alpine 
Fault and major rivers. Trench sites and key rivers referred to in the text are labelled, and 
locations of sampled forest cohorts and 14C-dated landslides/terraces are marked by the 
dots. Several forest cohorts or landslides/terraces were sampled at some locations; the 
number of sites marked is therefore less than the sample sizes given in the text. 
155 
Table 3.1. Summary of the rupture history on the central Alpine Fault (between Ahaura River and. 
Toaroha River) as determined from fault trenches at five locations. The trenches consistently 
indicate two ruptures along the Alpine Fault in the last 500 years. Data are from Yetton (1998, and 
unpublished data). 
Trench Site Trench Interpretation 
Ahaura River Last rupture 380 ± 60 yrs 
BP 
Crane Creek Last rupture 380 ± 25 yrs 
BP 
Haupiri River Last rupture 210 ± 50 yrs 
BP 
Kokatahi Two ruptures post 490 ± 40 
River yrs BP; last rupture 220 ± 
40BP 
Toaroha River Last rupture 210 ± 50 yrs 
BP 
Dates of ruptures (2-sigma conversions) 
1480-1645 AD 
1480-1645 AD 
Post 1665 AD 
Two ruptures post 1470 AD; most recent post 1665 
AD 
Post 1665 AD 
Summary of Alpine Fault rupture history from the trenches: 
(1) "Toaroha River Event"- 1665-1840 AD. 
Northern limit between Haupiri and Crane Ck. 
Extended south to at least Toaroha River. Also matches with the most 
recent rupture in Fiordland at 1650-1725 AD (Cooper & Norris 1990) 
(2) "Crane Creek Event" - 1480-1645 AD 
Extended from at least Ahaura River to Toaroha River. No limits 
defined. 
Crane Creek. Because Westland was settled permanently from around 1840 AD, the timing 
of the Toaroha River event was bracketed in the date range 1665-1840 AD. 
The last rupture event north of the Haupiri River was older, with a date range between 
1480-1645 AD. Yetton termed this the Crane Creek event. The Kokatahi trench indicates 
two ruptures post 1470 AD, and Yetton (unpublished data) infers that the Crane Creek 
event also occurred here as the penultimate event prior to the post 1665 AD earthquake. 
As an additional part of this study Yetton (1998) collated 19 radiocarbon dates from 
aggradational gravels, fans and mass movement deposits in Westland for the last 750 years. 
These sites are scattered from Crane Creek to the Karangarua River, and all are within 10 
km of the Alpine Fault (figure 3.2). Yetton assumed that Alpine Fault earthquakes would 
dominate the record, and clusters of ages could therefore be used to identify earthquakes 
and approximate their timing. 
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The ages of the 19 terraces and landslides are shown in figure 3.3. The repetition of 
common date ranges is clear in these data, and three clusters were identified by Yetton. The 
best defined is the middle cluster at around 1600 AD (10 dates) and this matches the trench 
date range for the Crane Creek Event. There is also a limited cluster of three dates 
matching the most recent Toaroha River Event recognised in trenches. The oldest cluster of 
8 dates at around 1400 AD further emphasises the event proposed by Adams (1980), and 
Yetton interprets this as evidence of a third earthquake event which he terms the Geologist 
Creek event. 
The overall results of Yetton's study are summarised in table 3.2. Three earthquake events 
were recognised on the central Alpine Fault since 1350 AD. The most recent two were 
found in both fault trenches and regional landslide/aggradation date clusters, but the 
earliest event is yet to be identified in trenches and was inferred from regional 
landslides/aggradation only. 
Table 3.2. Summary of earthquake events on the central Alpine Fault in the last 650 years derived 
from fault trenches and 14C-dated landslides and terraces in central Westland. Three events are 
indicated in this time. Data are from Yetton (1998, and unpublished data). 
Inferred earthquake Timing of Source of Extent 
event event evidence 
Toaroha River Event 
Crane Creek Event 
Geologist Creek Event 
1665 - 1840 AD Fault trenches 
Landslide/terrace 
14C ages 
1480 - 1645 AD Fault trenches 
Landslide/terrace 
ages 
1400 - 1450 AD Landslidelterrace 
ages 
Northern limit between Haupiri and Crane 
Creek, based on trenching. 
Recorded in trenches south to Toaroha 
River. 
Landslides/aggradation extend south to 
Toaroha River. 
Corresponds with last event in Fiordland at 
1650-1725 AD (Cooper & Norris 1990) 
Recorded in tenches from Ahaura Ri ver to 
Toaroha River. 
Landslides/aggradation extend from Crane 
Creek to Karangarua River. 
Landslides/aggradation extend from 
Haupiri to Toaroha River 
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Styx RlF 
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Figure 3.3. Terrace and landslide age ranges for 19 dated examples within 10 kIn of the 
Alpine Fault in north and central Westland. Figure from Yetton et al. (1998). 
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2. SUMMARY OF REGIONAL FOREST DISTURBANCE HISTORY FROM 
SECTIONS 1 AND 2 OF THIS THESIS: 
Basis for applying forest disturbance history to paleoseismic investigations: 
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Large earthquakes in the rugged forested landscape surrounding the Alpine Fault will cause 
regional episodes of landsliding, aggradation and toppling of forests. These profound 
secondary earthquake impacts leave a datable record of past earthquakes preserved in 
organic material buried in landslide and aggradation surfaces (eg Adams 1980a; Yetton 
1998). However a record of the events is also preserved in the regional forest age structure, 
evident as pulses of establishment of trees in areas massively disturbed by earthquakes. 
Thus, prehistoric earthquakes could be inferred from regional peaks in forest establishm~nt 
that matched with direct trench dates for earthquakes. Trees that survived past events may 
also record them as abnormal growth periods evident in annual rings, providing the 
potential for very accurate dating of earthquake disturbance (Sheppard & Jacoby 1989; 
Jacoby et al. 1988; Jacoby et al. 1997). 
Several earthquakes in New Zealand and elsewhere in the world provide clear examples of 
forest disturbance and re-establishment episodes in response to large earthquakes. These 
studies establish the validity of using the forest record to infer prehistoric earthquake 
events in the Westland landscape. 
The most detailed studies of this nature have investigated forest history following the 1960 
M=8.75 earthquake in south-central Chile (Veblen & Ashton 1978; Kitzberger et al. 1995; 
Veblen et al. 1992). This earthquake occurred in a high-rainfall, forested and mountainous 
landscape that is remarkably similar to the central Westland region adjacent to the Alpine 
Fault. Landscape and forest devastation was documented over a wide area, and the overall 
impact on the forest can be summarised in the following key points. 
(1) Many areas were devastated by landslides and sedimentation, totally or partially 
destroying the previous vegetation. 
(2) Earthquake-induced treefall was observed on many surfaces which were unaffected by 
erosional processes. 
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(3) Dead standing trees were numerous within a few years of the earthquake on many sites 
unaffected by erosion. 
(4) New even-aged cohorts of trees became established quickly on all disturbed sites. 
(5) The earthquake had a regional impact on tree-ring growth patterns. Many surviving 
trees showed either marked growth releases or growth suppressions. 
A record of the timing and impact of this earthquake was therefore clearly preserved over 
the landscape where strong shaking took place. Although the earthquake was probably of a 
greater magnitude than past Alpine Fault events, similar impacts and forest responses can 
be expected in the Westland landscape. 
Similar impacts have accompanied large historical earthquakes in the South Island of New 
Zealand. Massive forest destruction and new surface formation was observed for the 1826 
Fiordland earthquakes (McNabb 1907), 1929 Murchison earthquake (Henderson 1937), 
1968 Inangahua earthquake (Adams et al. 1968), and the 1995 Avoca earthquake (Allen et 
al. in press). Tree fall and standing mortality caused by seismic shaking was specifically 
observed for the Avoca and Inangahua earthquakes (Allen et al. in press; Adams et al. 
1968). Rupture of the larger Alpine Fault would cause even greater damage. 
No studies have reconstructed forest recovery from these New Zealand earthquakes, but 
observations of sites disturbed in the 1968 earthquake in the Buller gorge region show the 
return of forest cover on some of the largest landslides after 30 years. Dating fault 
movements from tree rings in New Zealand was also tested by Berryman (1980) on the 
White Creek fault scarp after the 1929 earthquake. He found red beech growing on the 
scarp in 1979 with distinct bends in the trunk, and the asymmetry in growth rings as the 
trees grew reaction wood precisely dated the tilt to the 1929 event. 
(1) Evidence of past Alpine Fault earthquakes recorded in episodes of forest 
disturbance and landscape erosion dated by trees: 
(i) Regional patterns: 
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Regional patterns of forest age were examined in Section 2 of this thesis. Detailed tree age 
information is available from 55 cohorts of conifer trees recruited after disturbance events 
in Westland. These are spread along 280 km of the Alpine Fault from Paringa River to 
Ahaura River, and all are within 10 km of the Fault (figure 3.2). Fifteen cohorts had 
colonised landslide, river terrace or floodplain surfaces, and 30 had established following 
tree fall events on hillsides and old moraines not directly impacted by erosion. I estimated 
the date of disturbance leading to cohort establishment from the age of the oldest tree in' 
each cohort, plus an addition of 28 years for the delay in colonisation and growth to coring 
height. 
Three distinct episodes of forest establishment following widespread regional disturbance 
were preserved in Westland's forests over the last 650 years (figure 3.4a). I termed these 
the Sparkling, McTaggart and Junction episodes. The most recent two episodes date from 
about 1705 and 1625 AD ± 15 years, and these match with the dates of the last two Alpine 
Fault earthquakes identified from fault trenching and 14C-dated surfaces. The Junction 
episode at around 1445 AD ± 15 years matches with the earlier Geologist Ck earthquake 
event inferred by Yetton (1998) from 14C-dated smfaces, and provides further strong 
indirect evidence for this earthquake. 
(ii) The Karangarua catchment: 
In the Karangarua catchment, detailed reconstruction of the erosion/sedimentation history 
using forest establishment was undertaken at two sites totalling 1412 ha in area. The three 
episodes of disturbance related to the Alpine Fault earthquakes dominate here also (figure 
3.4b). The impacts from the last two earthquakes were still well preserved, and between 
32-50 % of the study area was disturbed sufficiently to initiate new forest cohorts during 
each of these earthquakes. Successive terraces upstream of the Alpine Fault were 
abandoned during each of these three episodes of disturbance also (see next section). 
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(a) Forest cohorts from throughout Westland, 
excluding Karangarua catchment (n=55) 
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Figure 3.4. Age frequency distributions of the oldest trees in post-disturbance cohorts sampled in 
Westland. The ages include a 28-year addition for the estimated colonisation delay following the 
disturbance event. (a) Ages from 55 cohorts from throughout Westland, excluding the Karangarua 
catchment. (b) Ages from 59 cohorts in the Karangarua catchment. The arrows mark ages of the 
terraces in the Karangarua River above the flood plain (K2-K4), and of one terrace in the Copland 
River (C3). 
A more recent episode of disturbance and forest establishment (Ruera episode) also 
occurred in the Karangarua catchment about 1830 AD. This was less extensive than the 
three episodes linked to Alpine Fault earthquakes, affecting just 10 % of the catchment. 
The episode is likely to record the impacts of either the historical 1826 Fiordland 
earthquakes (McNabb 1907) or large storms. 
162 
(2) Terrace sequences upstream of the Alpine Fault in the Karangarua and Wanganui 
Rivers: 
An Alpine Fault earthquake will cause uplift of surfaces to the east of the Fault, changing 
the regional base level along the range front and creating flights of terraces. Terrace flights 
are present upstream of the Alpine Fault in many of the large rivers in Westland, and these 
are generally regarded as the result of episodic uplift by earthquakes along the Fault 
(Adams 1980a; Yetton 1998). Successive terraces should therefore record the history of 
recent Alpine Fault events. 
As part of this study I examined the terrace sequence in the Karangarua River. Three 
terrace surfaces were clearly preserved that were consistently above the river's flood-range. 
The dates of formation of these terraces were estimated from the age of the oldest trees that 
had colonised the surfaces. The terraces had oldest trees that established about 1730 AD, 
1640 AD and 1460 AD. These dates coincide with the three largest episodes of 
erosion/sedimentation in the catchment, and with the three episodes of regional forest 
disturbance throughout Westland (figure 3.4). 
The terrace sequence in the Karangarua River provides compelling evidence that the 
regional episodes of forest disturbance are the result of the last three Alpine Fault 
earthquakes, rather than some unusually extreme climatic events. There is no possible 
climatic explanation that can account for a flight of successively younger terraces in the 
last 650 years. While devastating storms can produce floods and aggradation that clear 
alluvial surfaces, they will not produce the uplift that is required to preserve a successive 
163 
record of the storms. Consequently each climatic event will impact over approximately the 
same flood/aggradation level range, acting to destroy and remove evidence of previous 
events. It is only fault motion associated with earthquakes that can provide the uplift 
required to preserve the terrace sequence. The alternative option is that uplift by 
earthquakes occurred between climatic events, allowing preservation. However, this is an 
unnecessary complication, and even if this was the case the-terrace abandonment still dates 
to the earthquake. 
The terrace sequence in the Wanganui River upstream of the Alpine Fault is also relevant. 
Sowden (1986) identified ten terraces above the modem river's floodplain, three of which 
were younger than 1000 years. He estimated the age of these terraces based on vegetation 
composition and structure. Consequently the ages will not be as accurate as for the 
Karangarua terraces, but they are likely to provide ages for terrace formation within about ± 
50 years. The three youngest terraces were estimated to be about 210, 400 and 600 years 
old. These ages very closely match the terrace sequence in the Karangarua (successive 
terraces were about 280,375, and 550 years old), and the associated regional forest 
disturbance episodes related to the last three Alpine Fault earthquakes. 
(3) Tree growth releases and suppressions coinciding with episodes of forest 
disturbance: 
Ring-width series from 32 old cedars in the Copland Valley were examined for growth 
releases and suppressions in an attempt to identify more precise dates for the McTaggart 
and Sparkling episodes. This chronology of growth disturbance extended back to 1550 AD, 
and three decades were unusual during this period in that many trees synchronously 
showed both growth releases and suppressions. These decades were 1610-1620, 1710-1720 
and 1820-1830 AD (figure 3.5). Significantly, these correspond with the dates of each of 
the last three catchment-wide erosion episodes inferred from cohort ages, and they most 
likely record the events initiating these episodes. On this basis I refined the dates of the 
Sparkling and McTaggart erosion episodes in this catchment to the decades 1610-1620 AD 
and 1710-1720 AD. 
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Figure 3.5. Dates of significant growth suppressions and releases in 32 mountain cedars 
(Libocedrus bidwillii) in the Copland Valley. The criterion for a release or suppression was a 
greater than 150 % difference in mean growth rate between consecutive lO-year means. The 
arrows mark decades in which> 20 % of trees recorded a release or suppression, and in which 
both released and suppressed trees were numerous (each present in at least 8 % of trees). Other 
decades in which many trees were impacted (eg 1900-1910 AD) contained either many released or 
many suppressed trees, but not both (see figure 1.26 for separate plots). 
A date for the McTaggart episode of about 1610-1620 AD was supported by a severe 
growth reduction in one old matai tree in the Karangarua River. This tree colonised terrace 
K4 (abandoned during the Junction episode) about 500 years ago. However the terrace was 
severely disturbed during the McTaggart episode, and a new cohort of trees became 
established among the older colonists from the Junction episode. The matai tree records a 
sudden severe growth decline in 1622 AD (based on ring counting), and growth never 
recovered to anywhere near its former level (see figure l.28 for the ring-width series of this 
tree). I interpreted this as being the result of the disturbance during the McTaggart episode. 
The date of 1622 AD provides a youngest date for the event because of the possibility of 
missing rings and a possible one or two year delay in response to physical disturbance of 
the tree. 
Why are forest disturbance episodes caused by the three Alpine Fault earthquakes 
and not storms? 
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While it is true that exceptionally large storms or stormy periods could cause widespread 
forest and landscape disturbance, there are several factors which strongly indicate that the 
Alpine Fault earthquakes were responsible for the three regional episodes of forest 
disturbance in Westland. 
First, the episodes coincide with the date-ranges of the last three Alpine Fault earthquakes 
as independently determined from geological studies (Yetton 1998; Yetton unpublished 
data). Furthermore, there is only a single disturbance episode within the date-range for each 
earthquake. Historical earthquakes in the region have shown that the impacts from a large 
earthquake are enormous, and over-ride all lesser storm-induced impacts (Adams 1980b; 
Pearce & Q'Loughlin 1985). Given that we know for certain that large Alpine Fault 
earthquakes have occurred in broad date-ranges, it can be expected that episodes of 
regional disturbance will be present in these date-ranges and that these will record the 
earthquakes. The only alternative explanation is that unusually severe climatic events 
occurred between the earthquakes and destroyed the record of earthquake damage. 
However this is an unnecessary complication, and goes against clear historical evidence 
documenting the greater impact of earthquakes compared with storms. 
Second, the disturbance during each episode is truly regional, extending at least 200 km. 
Severe storms in the region that could cause similar damage have historically had only 
localised impacts, affecting just two or three major catchments (Benn 1990). 
Third, successive terraces in the Karangarua and Wanganui Rivers upstream of the Fault 
were abandoned during each of the three episodes. Successful terrace preservation and 
colonisation by forest requires uplift to remove the surface from continued flood impacts, 
and only earthquake events can provide this. 
3. EARTHQUAKE HISTORY ALONG THE ALPINE FAULT SINCE 1350 AD, 
BASED ON THE COMBINED GEOLOGICAL AND FOREST EVIDENCE 
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In the following section I bring together the information summarised so far. The geological 
and forest data allow analysis of the timing of the last three Alpine Fault events, their likely 
rupture lengths, recurrence intervals and uplift rates. These.points are addressed below, and 
the results are then compared with previous paleoseismic investigations on the Fault. 
a) Timing of the earthquakes: 
The radiocarbon ages obtained from trenches and landslides/terraces provide very broad' 
date-ranges for the three earthquakes, and are not particularly useful for inferring the timing 
of events (figure 3.6). However, the oldest trees in forest cohorts enable the events to be 
placed within relatively tight date-bands that are useful for assessing recurrence intervals 
and rupture synchrony. Modes in forest establishment that age from each of the episodes 
confidently date the earthquakes to within periods of about 30 years (figure 3.6). A latest 
possible date for each event is also provided by the age of the oldest tree in an episode that 
colonised a new landslide or aggradation surface. 
The oldest trees that colonised newly created surfaces (ie landslide and aggradation 
deposits) following earthquakes provide minimum dates for the earthquake events. A latest 
possible date is given by the age of the oldest colonising tree sampled on these post-
earthquake surfaces, plus an addition of 5 years for a minimum colonisation delay. Cohorts 
originating from treefall induced by seismic shaking could include a few trees that 
established before the earthquake as saplings under the previous canopy; these cohorts are 
therefore less reliable for determining minimum dates for the events. 
In estimating earthquake timing from forest disturbance I therefore used cohorts from the 
Karangarua Valley and the regional data sets that had colonised landslide and aggradation 
surfaces (74 cohorts). The 41 treefall cohorts were excluded. 
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The oldest colonising tree for the Toaroha River event had 272 rings, dating back to 1723 
AD, defining the latest possible date for the event. The mode in forest age therefore dates 
this earthquake at about 1705 AD ± 15 years. 
The oldest tree sampled in the post-earthquake cohorts on landslide and aggradation 
surfaces for the Crane Creek event had 352 rings, defining a latest possible date for the 
event at 1643 AD. The Crane Creek event thus occurred at about 1625 AD ± 15 years. 
The forest record for the Geologist Creek event provides a date for the rupture of 1445 AD 
± 15 years. The single oldest tree in the post-earthquake cohorts on landslide and 
Fault Trenches 
2000 
1900 
Early 
1840 
settlers 
1800 
0 1700 
~ 1665 
~ 1645 ctI 
~1600 
1500 
1480 
Limit of age 
1400 information of current trenches 
Trenches give direct connection 
with the Alpine Fault 
Terraces and 
Landslides 
Forest Disturbance Tree-Ring Releases! 
Episodes Suppressions 
lM~ 
1715 +/. 5 17~ 
16~ 1615+/·5 
l~O/ Tree-ring data this old not 
yet available 
1450 1445 +/-15 
1400------
Other methods provide increasing date resolution 
Figure 3.6. Summary of the four methods used to date the last two Alpine Fault earthquakes, and 
the third earthquake event in the 1400's. The best estimates for the timing of the earthquakes are 
1715 AD ± 5 years, 1615 AD ± 5 years, and 1445 AD ± 15 years. Figure adapted from Yetton et al 
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aggradation surfaces dates back to 1463 AD, and the earthquake must have occurred prior 
to this. Radiocarbon dates for this event are also constrained in a relatively narrow band 
from 1400-1450 AD, reflecting the steep section of the calendric calibration curve during 
this time-range. There is thus excellent agreement between these two independent methods 
of dating the event. 
Dates of major growth releases and suppressions in cedars in the Copland Valley, that are 
synchronous with the episodes of disturbance related to the two most recent earthquakes, 
refine the estimates of the timing of these two events in this catchment. At least in the 
southern region around Karangarua, then, the Toaroha River event occurred in the decade 
1710-1720 AD, and the Crane Creek event in the decade 1610-1620. Similar information 
from other sites along the Fault is unfortunately not available, so the synchrony of events 
within these decades cannot be tested. 
The combined information on the timing of the last three Alpine Fault earthquake events is 
summarised in figure 3.6. The forest cohort and tree-ring data allow a progressive 
refinement in the date estimates for the earthquakes inferred from 14C-dated trenching and 
landslides/terraces. The current best estimates for the dates of the three events are thus 
1715 AD ± 5 years (Toaroha River event), 1615 AD ± 5 years (Crane Creek event), and 
1445 AD ± 15 years (Geologist Ck event). 
In Section 2 I noted that there was no systematic north-south variation in the timing of 
disturbance across Westland during each of the three episodes of forest establishment. Age-
ranges of oldest trees in the cohorts overlap between all subregions, and there is no 
indication of a shift in timing of a few decades across the sites. Within the limitations of 
the tree age data, then, the timing appears synchronous across the region. Tree ages will 
have errors due to missing rings and variable colonisation delays, but a consistent 
difference across the region in rupture timing of more than about 20 years would be 
expected to show in spite of this. 
On this basis it appears that all three earthquakes were single events that extended over the 
sites with evidence of forest and landscape disturbance at these times. 
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However, the dating errors will not permit events less than about 20 years apart to be 
differentiated. Therefore the data cannot exclude the possibility that a progressive rupture 
over a period of up to 20 years occurred. Such a phenomenon has occurred historically in 
Turkey, for example, where six events of Magnitude 7-8 migrated westward over 750 km 
of the North Anatolian Fault in the 28 years between 1939 and 1967 (Barka & Kadinsky-
Cade 1988). Investigation of crossdated tree-ring growth patterns from many sites along the 
Alpine Fault is the only method with sufficient precision to test this possibility. 
b) Extent of the earthquakes: 
Fault trenches provide definitive evidence of rupture during a particular time period at a 
site, while forest disturbances and landslideslterraces allow wider assessments of the extent 
of an event beyond the range of current trench information. However, forest and landscape 
damage would also occur outside of the rupture zone in the area affected by strong shaking, 
which makes definite conclusions regarding rupture lengths based on this indirect evidence 
difficult. Interpretations of rupture zones from indirect evidence must therefore be treated 
with caution. 
Because of this uncertainty, I adopted a conservative approach to defining rupture extents 
in this analysis. Where several forest or landscape disturbances at one particular location 
near the Fault date from an earthquake, it is a reasonable inference that the rupture did pass 
through that part of the Fault. I extended a rupture based on forest disturbance only into 
areas in which a large number of forest cohorts (> 10) had been sampled at a site, and in 
which cohorts dating from the earthquake were an obvious feature of the site (> 2 cohorts). 
At these sites it is a reasonable inference that the rupture did pass through the adjacent 
section of the Alpine Fault. 
With this approach, it is likely that information will be excluded from areas that have been 
less intensively sampled. I therefore also noted sites where < 2 sampled cohorts dated from 
an earthquake. The rupture events cannot be confidently extended to these areas yet, but the 
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presence of cohorts suggests the possibility of rupture on the adjacent Fault. I used dotted 
lines in figure 3.7 for tentative extensions of ruptures into areas where there are ~ 2 
sampled cohorts dating from an earthquake. 
In this study I therefore considered the Fault to have ruptured at sites where at least one of 
the following criteria was fulfilled: (1) fault trenching identified the Fault had ruptured at 
the site, (2) more than two sampled forest cohorts or landslides/aggradation terraces dated 
from the earthquake event, or (3) there was abandonment of terraces upstream of the 
Alpine Fault dating from the earthquake event. In figure 3.7 the extents of each rupture 
based on these criteria are shown by solid lines. 
For the Toaroha River event, trenches extend from Haupiri River to Toaroha River (Yetton 
1998; Yetton unpublished data). Sites with at least two sampled forest cohorts dating from 
this event extend from Lake Hochstetter in the north (Stewart, unpublished data) to Paringa 
River in the south (Duncan 1991). Four sites in between have clear evidence of major 
disturbance at this time; these are Hokitika catchment (Yetton 1998), Wanganui River 
(Sowden 1986), Saltwater Forest (Cornere 1992; Rogers 1995; Stewart et al. 1998), and 
Karangarua catchment. This earthquake event can therefore be confidently extended from 
its northern limit at about Haupiri (as determined from trenches) south to at least Paringa 
River, a distance of 230 km (figure 3.7). 
The most recent rupture of the Fault at John O'Groats River in northern Fiordland occurred 
in 1650-1725 AD (Cooper & Norris 1990), which corresponds with the timing of the 
Toaroha River event that ruptured from Haupiri to at least Paringa. It is therefore possible 
that the Toaroha River event is the same rupture event recorded at John O'Groats River, 
although there has been no sampling of the 130 km stretch between Paringa and Fiordland 
to allow this to be tested. Nevertheless this coincidence suggests the Toaroha River event 
of the early 17th century may have ruptured from Haupiri to northern Fiordland, a distance 
along the Fault of over 300 km. 
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Figure 3.7. Summary diagram of the present information available on the extent and timing of the 
most recent three rupture events on the central Alpine Fault. Solid lines show the extent along the 
Fault of clear evidence for each rupture event from trenches, 14C-dated landslides/terraces, forest 
cohorts and terraces, and the overall data (see figure 3.2 for locations). All limits are minimums, 
except for the northern limit of the Toaroha River event which is at Haupiri (based on trench 
evidence). Dots mark individual sites along the Fault with convincing forest evidence of rupture at 
that location. The dashed lines indicate tentative extensions of the ruptures into areas with::; 2 
forest cohorts or 14C-dated features. 
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The rupture limits of the Crane Creek event are not defined by trenching. The southern 
minimum is the Karangarua River, based on the forest record and a large rock avalanche at 
McTaggart Creek. The northern minimum is the Ahaura River, based on trenching. Thus 
the Crane Ck event extended from at least Karangarua to Ahaura River, a distance of 210 
km along the Fault (figure 3.7). Evidence for the earthquake is also present at Saltwater 
Forest (Cornere 1992; Rogers 1995; Stewart et al. 1998), Wanganui River (Sowden 1986), 
Hokitika catchment (Yetton 1998) and Camp Ck (Stewart & Rose 1989). 
One sampled forest cohort at Paringa that established after a sedimentation event dated 
from this earthquake also (Duncan 1993). It is therefore likely this event extended south of 
Karangarua. 
Perrin & Hancox (1992) have recorded a series of landslide dams north of Springs Junction 
which date from about 1650 AD. It is possible these features may relate to the Crane Ck 
event on the Alpine Fault, but more work is needed to test this. 
The Geologist Ck event is preserved in the forest record at Paringa River (Duncan 1993), 
Karangarua River, Wanganui River (Sowden 1986) and Saltwater Forest (Comere 1992; 
Rogers 1995; Stewart et al. 1998). Four radiocarbon-dated features from this event come 
from the Hokitika catchment (Yetton 1998), and this earthquake can therefore be assumed 
to have extended at least this far north. A minimum estimated extent for the rupture event 
is thus from Paringa to Hokitika River, a distance of 160 km (figure 3.7). 
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c) Summary of paleoseismic history: 
Figure 3.7 provides a summary of the available information on the most recent three Alpine 
Fault earthquakes. This shows the constraints on the timing and extent of these earthquakes 
provided by the combined lines of evidence. 
A common seismic history over the last 650 years is indicated over the central Alpine Fault 
between at least the Karangarua and Hokitika Rivers. The current information suggests that 
all three rupture events since 1400 AD have occurred over this section of fault, totalling 
130 km. Specifically, there is currently clear evidence for all three events at four locations. 
(1) Karangarua River: The erosion/sedimentation history dated from forest establishment 
indicates major disturbance in the catchment during each of the three earthquakes. Uplifted 
terraces were abandoned during each earthquake event too. This information provides clear 
evidence for rupture of the Fault here. 
(2) Whataroa River: Major forest disturbance episodes were recorded in Saltwater Forest 
that match with the last three earthquake events. The dominance of the three episodes in 
the forest history suggests rupture is most likely on the adjacent section of the Fault, around 
Whataroa River. 
(3) Wanganui River: Successive terraces above the floodplain of the Wanganui River 
upstream of the Alpine Fault have ages that closely coincide with the times of the last three 
earthquakes (210, 400 and 600 years). The terraces were therefore probably abandoned 
during these events. On this basis the ruptures occurred on the Fault at Wanganui River 
also. 
(4) Hokitika River Catchment: Trenching of the Alpine Fault at two locations in this 
catchment (Toaroha and Kokatahi) provides conclusive evidence that the Toaroha River 
and Crane Creek events occurred here. Landslides/aggradation terraces dated by 14C 
indicate that the earlier Geologist Creek event also ruptured on this portion of the Fault: 
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four sampled terraces and one rock avalanche in the catchment dated from the time of this 
. event. 
It is less certain if all three earthquakes extended beyond this range. Two events can be 
extended south to at least Paringa River based on the forest record, and two can be 
extended north to the Haupiri River. The third event is also presently recorded as a single 
sampled cohort at Paringa, and the Fault may have ruptured here. It is therefore possible 
that a common rupture history is present from at least Paringa to Haupiri River, but more 
work is needed to test this. 
d) Recurrence Intervals: 
This study indicates an irregular recurrence of large earthquakes on the Alpine Fault over 
the last 650 years. About 280 years have elapsed since the most recent event on the central 
Fault. Intervals between the previous two events were about 100 years and 170 years. 
Yetton (unpublished data) proposed two earlier earthquakes based on 14C-dated landslides 
and sag pond evidence, termed the Muriel Ck and Roundtop events. The date resolution for 
these is poorer (± 50 years), but they provide estimates for two more recurrence intervals. 
These intervals are about 220 and 280 years (figure 3.8). 
Based on this information, the elapsed time since the last Alpine Fault rupture is 
approaching the longest recurrence interval between the most recent five events over the 
last 1000 years. This information also indicates a different recurrence pattern on the Fault 
from the very regular intervals proposed by Bull (1996) and Adams (1980a). Bull's work 
implied a remarkably constant recurrence interval of 261 ± 14 years, while Adams 
suggested a longer but still relatively constant interval of about 500 years. 
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Figure 3.8. The estimated timing of the last five earthquake events along the central Alpine 
Fault, and the inferred recurrence intervals between events. About 280 years have elapsed 
since the last event, which is near the longest interval separating any two of the previous 
four events. 
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e) Comparison with previous estimates of Alpine Fault earthquake history: 
The earliest work of Adams (1980a) inferred four earthquakes in the last 2000 years at 
about 500 year intervals, and with the most recent event about 550 years ago. This was 
based on only ten dates of landslides and terraces. Adams noted that some intermediate age 
earthquakes not detected in his study may be identified as more detailed data became 
available, and this has been confirmed by this project and the work of Yetton (1998).The 
new information indicates that the inferences of Adams regarding recent earthquake timing 
and recurrence interval were based on an incomplete record. 
The last earthquake inferred by Cooper and Norris (1990) in Fiordland coincides with tIre 
timing of the Toaroha River event further north on the Fault. As already discussed, this 
may represent the same earthquake event. 
The lichenometric study of Bull (1996) inferred four events in the last 1000 years, at 1748 
AD, 1489 AD, 1226 AD and 960 AD (all ± 10 years). This implies two events within the 
last 650 years, compared with three events during this same time period inferred from the 
forest and landscape record in this study. 
Yetton et al. (1998) noted that Bull's two most recent events are compatible with the broad 
date-bands from trenching for the Toaroha River and Crane Ck events, but if this was the 
case then there was no equivalent of the Geologist Ck event in the lichen record. The forest 
record, however, is more obviously irreconcilable with Bull's inferred chronology. The 
lichen dates at 1748 and 1489 AD are slightly too recent for the forest disturbance episodes 
at about 1715 and 1445 AD. Even if these did correspond with each other, thereis still no 
lichen date to match with the large forest disturbance episode at 1620 AD± 15 years. 
A possible reason for this difference is that Bull's rockfall sites were well away from the 
Alpine Fault, and mainly to the east of the Main Divide. This was necessary because the 
appropriate species of lichen do not grow on the very wet mountains to the west. As a 
result, many of the sites are closer to active faults other than the Alpine Fault, such as the 
Hope Fault, Kelly Fault, and the Main Divide Fault zone. Consequently it is probable that 
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large earthquakes on these other faults have contributed greatly to the rockfall record at 
many sample locations. This would make it difficult to definitively link rockfall peaks to 
earthquakes on specific faults. Some of the lichen size peaks attributed to Alpine Fault 
earthquakes may in fact reflect activity on other faults, while some peaks not selected may 
reflect true Alpine Fault events. 
f) Uplift rates east of the Alpine Fault 
(Note: This work has been carried out in conjunction with Mark Yelton, Geotech Consulting Ltd). 
The terraces in the Karangarua River can be used to provide an estimate of uplift rates just 
east of the Alpine Fault. The heights above modem river level of the terraces abandoned 
during the last two Alpine Fault ruptures were measured at 4-6 places in the valley from the 
fault line upstream along an 8 km stretch to the confluence with the Copland River. The 
height of the third terrace (Geologist Creek event) was measured at two locations 3-5 km 
upstream of the Alpine Fault. Heights were taken from the river level (during normal 
summer flow) up to the terrace tread, avoiding areas of unusually elevated or depressed 
surface. The heights were measured using a hand-held Suunto sighting level. Average 
terrace heights were obtained from these measures. The best estimates for the time of 
abandonment of each terrace are 1715 AD, 1615 AD and 1445 AD, based on the forest 
disturbance record (figure 3.6). 
The terrace sequence is summarised in figure 3.9. By plotting the average terrace height 
against the time of abandonment an average uplift rate can be obtained. The three 
successive terraces plot as a nearly straight line with a gradient of approximately 12 ± 2 
mmlyear. 
Published estimates of uplift at the Fault itself along the central Westland section are 
consistently less than 10 mmlyear, and are typically around 6-7 mmlyear (Suggate 1968; 
Bull & Cooper 1986; Berryman et al. 1992; Simpson et al. 1994). However the Karangarua 
Abandoned c. 1445 AD 
Geologisl CK 
evenV Junction 
episode 
v = 2.15 +/. 0.4 mm 
10 
E 
';:'8 
~ 
·c 
Abandoned c. 1615 AD 
Crane Ck evenV 
McTaggart 
episode 
Abandoned c. 1715 AD 
Height change = 11.7 +1· 2 mmlyr 
1800 1600 
Years AD 
1400 
12 
10 
8", 
l!! 
~ 
6 
4 
Modem 
river 
flood 
range 2 
0 
Figure 3.9. The terrace sequence in the Karangarua River upstream of the Alpine Fault. 
The inset shoWs a plot of the terrace height versus terrace age for the youngest three 
terraces above the active flood plain. These points plot as an almost straight line, and 
suggest an uplift rate of about 12 ± 2 mmlyear. 
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terrace heights were obtained from averages taken over an 8 km stretch of the river 
upstream of the Fault, and some additional broader scale uplift east of the Fault is therefore 
likely (Berryman et al. 1992). This is because uplift rates increase towards the zone of 
maximum uplift at Main Divide of the Southern Alps. The estimate of 12 ± 2 mm/year is 
still well below the estimated rates for uplift at the Main Divide of 17 ± 2 mm/year and 22 
± 2 mm1year (Wellman 1979; Walcott 1979). 
This uplift estimate assumes that the successive terraces are degradational (strath) terraces 
that were abandoned by tectonically induced downcutting immediately after each Alpine 
Fault event. If this is the case then the estimated uplift rate will be a good approximation, 
as the reference level is the same for all terraces. 
However, an alternative is that they are aggradational terraces originating from coseismic 
landslide material. This was suggested by Adams (1980a) for river terraces in Westland. 
The issue here is that the amounts of deposition can vary as a function of the amount of 
sediment yield increase caused by a particular earthquake. Thus, if the thickness of valley 
fill is significant for the terraces used in the figure 3.9 equation, the estimated uplift rates 
may be too high. 
Insufficient investigation was carried out to conclusively determine whether the 
Karangarua terraces are aggradational or degradational surfaces. A likely scenario for the 
Karangarua terraces is that they have a mixed origin in which degradation has been 
dominant but some aggradation has also been present. Observations of terraces in large 
rivers in Westland indicate that many terrace treads are underlain by about 0.5-2 m of 
younger aggradational gravels overlying much older immediately post-glacial gravels (M. 
Yetton, personal communication). A possible explanation for this could be as follows. 
After an Alpine Fault earthquake a large river immediately downcuts, but certain portions 
may be filled with alluvium to varying levels over the next few years depending on the 
tributary entry points, river gradient, and the current lateral position of the channel. This 
creates a surface with a mixture of origins but a common gradient. Thus the terraces are 
largely degradational features, but aggradational deposits are spread thinly over some areas. 
The balance is tilted towards degradation by the enormous water power and significant 
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uplift. This contrasts with smaller streams, where water power is less but there is still 
entrenchment across the Fault. Here the sediment supply from coseismic landslides is 
totally overwhelming to the stream system and the aggradation overtakes the downcutting. 
More investigation of the Karangarua terraces is needed to detennine their probable origin. 
However, tree colonisation may give some clues to this. If the terraces are degradational, 
then colonisation would be relatively quick, and synchronous with colonisation of landslide 
deposits and other disturbed sites. If they are aggradational, colonisation would be delayed 
compared with other surfaces due to the lag time required for sediment aggradation. The 
Toaroha River event and Geologist Ck event terraces have oldest trees that are of 
comparable age to trees established on other surfaces (figure 3.4), and this suggests a 
degradational origin is likely. On the most recent terrace (from the Toaroha River event) 
old channels are clearly preserved and there is an apparent lack of aggradation material, 
which supports a degradational origin. In contrast to the terraces formed during the 
Toaroha River and Geologist Ck events, colonisation of the Crane Ck event terrace-in both 
the Karangarua and Copland Rivers was slower, lagging about 20-40 years behind 
colonisation on most other surfaces (figure 3.4). This suggests the possibility of a greater 
aggradational input to these terraces. A large debris avalanche occurred about 5 km 
upstream of the Karangarua terrace at this time, and a greater sediment load was therefore 
probably available following this earthquake. 
181 
4. TOAROHA RIVER EVENT: FURTHER INVESTIGATION USING TREE-RING 
CHRONOLOGIES 
The forest establishment age and tree growth anomalies from ring-counts provide estimates 
of the timing of the earthquakes accurate to within 10-30 years. However, annual resolution 
is desirable for determining precise timing and assessment Qf the synchrony of rupture 
along the Alpine Fault. This can only be achieved through crossdated tree-ring information. 
Yearly accuracy is important because it provides a way to distinguish one large rupture 
from several smaller ruptures closely spaced in time. This is critical information for 
reliable estimations of the magnitude and impact of past earthquakes, and for 
understanding the patterns of rupturing and fault behaviour (McCalpin 1996). 
Ten crossdated tree-ring chronologies have been developed for sites in the western South 
Island that date back to at least 1710 AD (Norton 1983a, 1983b; Limin 1996). It is 
therefore likely that they record the Toaroha River earthquake event in their ring-width 
patterns. 
The Toaroha River event has an established northern rupture limit at Haupiri River (based 
on trenching), and the event can be clearly traced south along the Fault to at least the 
Paring a River. Forest establishment dates the event between about 1690 and 1720 AD, and 
tree growth releases/suppressions at Karangarua River imply rupture (at least in this 
southern locality) in the decade 1710-1720 AD. The most recent event in Fiordland in 
1650-1725 AD matches with the timing of this event to the north, and a single rupture 
event from Milford to Haupiri is thus a possibility. The tree-ring chronologies may allow 
an assessment of the precise timing of the earthquake, the probable synchrony of the 
rupture along the Fault, and the likely southern extent of the event. 
Previous studies overseas have recorded earthquake signals in tree-ring chronologies within 
the zone of strong shaking (Sheppard & Jacoby 1989; Kitzberger et al. 1995). The 
earthquake events typically show as abrupt growth suppressions in the chronologies, 
although some lesser-impacted sites may show growth releases (Kitzberger et al. 1995). 
182 
Chronologies from sites away from the strong shaking do not record these impacts. The 
most conclusive evidence for an earthquake can be obtained when chronologies well away 
from the earthquake but within the same climatic zone are available. These 'control 
chronologies' provide a record of climatic variation free from the earthquake's 
confounding effect. Unusual growth patterns in chronologies within the earthquake zone 
that date from the approximate time of the earthquake (independently determined from 
other indicators) and that are not present at the control sites can therefore be inferred to 
record the earthquake and not some climatic variable. 
The chronologies in western South Island: 
Details of the ten sites in western South Island with chronologies extending back to at le'ast 
1710 AD are summarised in table 3.3. The sites extend from Rahu Saddle in the north to 
Lake Te Anau in the south, and are from 7 to 59 km from the Alpine Fault. Five 
chronologies are from the Fiordland region, three are from south-central Westland (KEA, 
TRK, CRC), and two are from north Westland (AHA, RUH). Four chronologies are from 
mountain cedar (Libocedrus bidwillii), five from silver beech (Nothofagus menziesii) and 
one from mountain beech (Nothofagus solandri var. cliffortioides). 
I divided the chronologies into two groups, based on their geographical location in relation 
to the Alpine Fault and the Southern Alps. The main group comprised six chronologies that 
were very near the Alpine Fault, and were west of the Main Divide of the Southern Alps 
(table 3.3a). The second group comprised four chronologies from sites around Lake Te 
Anau in Fiordland, about 50 km from the Fault and east of the Main Divide. 
The methods used to construct the chronologies are presented in detail in the studies of 
Norton (1983a, b) and Limin (1996), but key points are summarised here. Individual trees 
in the eight chronologies developed by Norton (1983a, b) were visually cross dated based 
on narrow signature rings. Ring-width measurements were standardised using the INDEX 
computer program. Tree-ring series for each site were then combined, using the SUMAC 
program, to form the site chronologies. Visual cross dating of trees in the chronologies 
developed by Limin (1996) was checked using the computer program COFECHA, and 
autocorrelation was removed using ARSTAN. Full site descriptions, tree ring-width 
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measurements and the final chronology listings for all sites are stored in the International 
Tree-Ring Data Bank at the Laboratory of Tree-Ring Research, University of Arizona. 
Key statistics for the chronologies are summarised in table 3.4. An important point to note 
is that many of the chronologies have very few trees in the period 1690-1720 AD when the 
Toaroha River event occurred. The chronologies are thus not very robust at this time. 
Table 3.3. Summary information for the ten chronology sites in western South Island. Three tree 
species are represented: Libocedrus bidwillii (Lib bid, mountain cedar), Nothofagus menziesii (Not 
men, silver beech), and Nothofagus solandri var. cliffortioides (Not sol, mountain beech). 
Site* Site Species Lat. Long. Alt. Aspect Slope Distance from 
Code Alpine Fault 
(a) Sites close to the Alpine Falllt, and west of the Main Divide: 
Rahu Saddle! RUH Lib bib 42° 19' S 172° 07' E 672 m NE 
Ahaura! AHA Lib bid 42°23' S 171° 4S' E 244 m N 
Tarkus Knob! TRK Lib bid 43°05' S 170° 5S' E 925 m SW 
Cream Creek! CRC Lib bid 43° 05' S 170° 59' E SOO m N 
Kea Flat2 KEA Not men 43° 52' S 169° 47' E 11 00 m NW 
Upper Hollyford UHV Not men 44° 46' S 16So 00' E 950 m 8 
Valley2 
15° 
5° 
35° 
20° 
15° 
15° 
Skm 
7km 
Skm 
Skm 
25 krn 
27krn 
(b) Sites from near Lake Te Anall, that are east of the Main Divide and more distant from the Fault: 
TakaheValley3 TKV Not sol 45° IS' 8 167°41'E 1l00m N 20° 54km 
Upper Takahe Valley2 UTV Not men 45° 17' 8 167° 39' E 1000 m NE 15° 53 krn 
LakeOrbe1l2 OBL Not men 45°1S'S 167°41'E 1000m 8 20° 59krn 
Lake Eyles2 LKE Not men 45° 15' S 167° 29' E 950 m NE 0° 43 km 
*Study references for the chronologies are: 1. Limin (1996); 2. Norton (1983b); 3. Norton (1983a). 
Table 3.4. Summary of key statistics for the ten tree-ring chronologies in western South Island. 
The final three columns give the correlation coefficients between ring-widths from all radii in the 
chronolog~, from different radii of individual trees, and from the between-tree means. 
Site Code No. No. radii Period % missing Correlation Analysis 
trees at 1710 spanned rings r, all within among 
AD series trees trees 
RUH 20 14 1560-1991 0.28 0.50 0.26 
AHA 32 25 1525-1992 0.25 0.66 0.27 
TRK 20 8 1526-1972 0.24 0.25 0.49 0.25 
CRC 15 12 1460-1978 0.21 0.30 0.59 0.30 
KEA 8 6 1580-1980 0.74 0.33 0.56 0.30 
UHV 9 2 1710-1980 0.19 0.40 0.53 0.39 
TKV 11 4 1630-1979 1.37 0.41 0.62 0.39 
UTV 10 1 1622-1979 0.33 0.29 0.56 0.26 
OBL 12 8 1584-1980 0.34 0.37 0.51 0.35 
LKE 10 3 1676-1980 0.49 0.34 0.52 0.33 
Unusual growth at the time of the Toaroha River event: 
The ten chronologies were examined to check for any unusual growth variation 
synchronous between sites and corresponding to the approximate time of the last 
earthquake along the Alpine Fault. 
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Figure 3.10 presents the chronologies back to 1650 AD. Ring-width indices are typically 
variable over the last 350 years, with numerous growth fluctuations at different times and 
at different sites. Periods of unusually reduced or accelerated growth are evident in all 
chronologies. 
More detailed plots of the chronologies between 1650-1740 AD are shown in figure 3.1 ~, 
with site locations in relation to the Alpine Fault also shown. The timing of the Toaroha 
River event can be confidently placed between about 1690 and 1720 AD, based on the 
forest record, and most probably at 1710-1720 AD. Likewise the last event in Fiordland 
can be placed between 1650 and 1725 AD. Thus any growth impact caused by the 
earthquake should be found in the plotted time-ranges. 
A possible 1717 AD earthquake: 
Three of the sites close to the Alpine Fault are within the rupture zone of the earthquake as 
detennined from trenching and forest disturbance (TRK, CRC, KEA), and these sites 
would be expected to record some response to the event in tree growth. This is especially 
so for the two Cropp River sites; the dip of the fault and the likely depth of rupture suggest 
this area would have been within the zone of maximum earthquake shaking (M. Yetton, 
personal communication). 
The TRK chronology shows one growth anomaly during the period 1650-1740 AD. This is 
an abrupt marked growth decline beginning in 1717 AD and followed by several years of 
below average growth (figure 3.11). This growth anomaly stands out in the chronology as 
the longest, most pronounced departure from average growth in the last 350 years (figure 
3.10). At the nearby CRC site no major anomaly is recorded during the date-range for the 
earthquake. Although index values in 1718-1719 AD do drop noticeably compared with the 
previous years, this does not show as a major growth interruption. The CRC site is 
(a) Sites near the Alpine Fault and west of the Main Divide: 
:r 
(b) Sites in Fiordland more distant from the Alpine Fault, and east of the 
Main Divide: 
l! :l+-rl---r~-r--~---r---r--~--~--~~'-~'-~,r~,---,---.---.---.---, 
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Figure 3.10. Plots of ring-width indices since 1650 AD for the tree-ring chronologies in western 
South Island locations. 
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Figure 3.11. Available crossdated tree-ring chronologies along the strike of the Alpine Fault from 
Rahu Saddle to Lake Te Anau. The abrupt growth suppression beginning in 1717-1719 AD is 
present in chronologies south of Hokitika River, but is absent from the two northernmost 
chronologies, consistent with the northern limit of the post 1665 AD rupture at Haupiri River 
determined by trenching. The y axis on all graphs is the ring-width index, and the x axis is years 
AD. 
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gently sloping and is in the valley floor, while the TRK site occupies steep south-facing 
slopes, and this difference may account for some of the variation between the chronologies. 
Trees on harsher steep sites are prone to more serious disruption during ground shaking. 
Bull (unpublished data), for example, detected a growth decline in Phyllocladus alpinus 
growing on a steep south-facing site near Otira following the 1929 Inangahua earthquake, 
but failed to find a response in adjacent trees on a flatter surface. 
The most obvious growth anomaly in the Kea Flat chronology during this time also began 
in 1717 AD. This was followed by about six years of low growth before a return to 
'normal' variability. 
The one site in Fiordland close to the Fault (UHV) does not extend back before 1710 AD. 
However a major growth decline beginning in 1719 AD is evident in the chronology, 
followed by a gradual rise over about ten years. This growth decline stands out as the only 
obvious anomaly in the 271-year chronology. 
The four sites on the western side of Lake Te Anau have very variable growth over this 
period of time. Three chronologies have unusually low or high growth at around 1685 AD 
(OBL, LKE, UTV). However, all four chronologies show very low growth beginning in 
1717 AD (UTV, OBL) or 1718 AD (LKE, TKV), and lasting from two to ten years. At 
UTV this was the lowest-growth period and longest-lasting anomaly of the last 350 years. 
The two chronologies north of the limit of the last earthquake (AHA, RUH) show no 
growth anomalies around 1717 AD. The Ahaura site shows a marked increase in growth 
about 1685 AD, but no other unusual growth is evident at either site between 1650 and 
1740 AD. 
Overall, the chronologies from within the known rupture zone of the Toaroha River event 
(between Haupiri and Paring a) record a growth suppression beginning in 1717-1718 AD, 
and this is particularly severe at the steep south-facing TRK site. The five sites in Fiordland 
also record a marked growth suppression at 1717-1719 AD. At three of the eight sites 
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(TRK, UHV, UTV) this is the largest and longest-lasting growth anomaly in the 
chronologies. The two chronologies beyond the northern limit of the rupture do not show 
this growth anomaly. 
The timing and extent of the growth suppression suggest that a possible cause is the 
Toaroha River earthquake event on the Alpine Fault. 
Climatic extremes around 1717 AD: 
The two sites in Westland north of the Toaroha River event's rupture limit unfortunately do 
not represent true 'climate control' chronologies even though they are in the same climatic 
region. This is because all the other eight sites are from very near timberline (> 800 m), 
whereas Ahaura is at 244 m and Rahu at 672 m. 
However, five other chronologies from the South Island outside of Westland date back to 
this time and provide a chance to look for regional periods of poor growth around the time 
of the earthquake. Two chronologies are from the Nelson region, one from inland 
Canterbury, one from Banks Peninsula, and one from Dunedin (figure 3.12). Details of the 
five sites are presented in tables 3.5 and 3.6, and the chronologies are shown in figure 3.13. 
Three of the sites are near timberline, above 800 m. 
None of the chronologies show major growth anomalies commencing in 1717-1719 AD, 
although single years of low growth are apparent at Armstrong Reserve in 1719 AD and at 
Logos Hill in 1721 AD. These five sites combined with AHA and RUH in north Westland, 
provide some evidence that there was no South Island-wide period of poor growth at 
around 1717 AD. The three high-altitude sites further indicate that there was no widespread 
growth anomaly restricted to timberline sites. 
Despite this, it is not possible to exclude a climatic cause for the growth impact of 1717-
1719 AD in the southwestern sites. All eight sites are at high altitudes to the west of the 
Main Divide, and it is conceivable that climatic extremes such as very severe frosts or 
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Figure 3.12. Map ofthe South Island showing the locations of the tree-ring chronologies 
discussed in the text. 
Table 3.5. Summary infonnation for the five chronologies from eastern South Island locations. 
Two tree species are represented: Libocedrus bidwillii (Lib bid, mountain cedar) and Nothofagus 
solandri var. cliffortioides (Not sol, mountain beech). 
Site* Site Specie Lat. Long. 
Batten Range 
(Tasman Bay)t 
Code s 
FLG Lib bib 41°16'S 172°35'E 
MOA 
LGH7 
ARM 
Lib bid 
Not sol 
Lib bid 
40°56' S 
43°05' S 
43° 50' S 
172° 56' E 
171° 42' E 
173°00' E 
Alt. 
950m 
1036m 
800m 
731 m 
Aspect 
N 
SE 
SE 
Moa Park (Tasman Bad 
Logos Hi1\ (Cass)2 
Armstrong Reserve 
(Banks Peninsula)1 
Mt Cargi1\ (Dunedin)1 CRG Lib bid 45° 50' S 170° 32' E 567 m N 
*Study references for the chronologies are: 1. Limin (1996); 2. Norton (1983a). 
Slope 
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Table 3.6. Summary statistics for the five tree-ring chronologies from eastern sites in South Island. 
The final three columns give the correlation coefficients between ring-widths from all radii in the 
chronology, from different radii of individual trees, and from the between-tree means. 
Site Code No. No. radii Period % missing Correlation Analysis 
FLG 
MOA 
LGH7 
ARM 
CRG 
trees at 1710 spanned rings r, all 
AD series 
20 6 1683-1991 0.39 
20 43 1490-1991 0.20 
10 2 1710-1979 0.21 0.32 
18 26 1446-1958 0.31 
12 5 1492-1975 0.38 
(a) Chronology listings from 1650-1995 AD 
:~ 
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~ 1650 1700 1750 1800 1850 1900 1950 2000 
.5 
.s:: 
i:~ 
1650 1700 1750 1800 1850 1900 1950 2000 
Years A. D. 
within among 
trees trees 
0.56 0.39 
0.53 0.22 
0.51 0.30 
0.59 0.30 
0.61 0.40 
(b) Chronology listings from 
1650-1740 AD 
:~ 
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Figure 3.13. Plots of ring-width indices for the five tree-ring chronologies from South Island 
locations outside of Westland and Fiordland. (a) Chronology listings since 1650 AD. (b) 
Chronology listings for the period 1650-1740 AD, spanning the date-range of the Toaroha River 
event. 
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heavy snowfall could impact trees in these sites over a large region, while not affecting 
lower-altitude sites in the same climatic zone or high-altitude sites east of the main ranges. 
For example heavy snowfalls from northwesterly storms could cause damage to high-
altitude forests in western areas across the length of the South Island, but have a negligible 
impact on high-altitude eastern sites (such as LGH7 and MOA) or low-altitude sites in 
Westland (such as AHA and RUH). 
However, I consider that an earthquake cause is likely in this instance, because of several 
factors. First, the date of suppression coincides with the timing of the Toaroha River event 
in Westland (based on the forest record) of between 1690 and 1720 AD, and in the 
Karangarua catchment (based on growth suppressions and releases determined by ring 
counting) of between 1710-1720 AD. This date also coincides with the timing of the most 
recent Alpine Fault earthquake in Fiordland of between 1650 and 1725 AD (Cooper & 
Norris 1990). Given the fact of an earthquake within this period, it is logical to presume 
that a large regional tree growth suppression at this time records the earthquake event. 
Second, the growth suppression was severe in 6 of the 8 chronologies, and at three sites 
was the most extreme event in the last 350 years. Periods of low growth at other times have 
been synchronous between no more than three sites. Third, the growth suppression is 
absent in the two northern chronologies in Westland, corresponding with the northern 
rupture limit independently determined from fault trenching. There is also no suppression 
in four other chronologies from the South Island. 
Given the presence of a major growth anomaly that is consistent with the timing and extent 
of the last Alpine Fault rupture, it is most likely that it records the earthquake event. The 
other interpretation is that a major climatic event restricted to the southwestern sites 
occurred at about the same time as a large Alpine Fault event, and the impacts of this were 
clearly recorded while those of the earthquake were not. This is certainly possible, but it is 
an unnecessary complication in the absence of supporting evidence. 
Given this combined information, the most reasonable explanation for the growth 
suppression in 1717-1719 AD is tree damage sustained from the Toaroha River earthquake 
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event. The most probable date for the earthquake is therefore when chronologies first show 
a major growth impact: some time after the 1716 growing season but before the end of the 
1717 season (ie between about June 1717 and April 1718). The variation in the timing of 
initiation of growth suppression in different chronologies is likely to represent the one or 
two year delay in response to physical disruption often observed in trees (eg Jacoby et al. 
1997). If this is the case, then the tree-ring chronologies suggest that the Toaroha River 
event occurred in 1717 AD and the shaking impacts were synchronous from Lake Te Anau 
to at least the Cropp River. This also suggests that the last rupture on the Alpine Fault was 
a single event from Milford to Cropp River, and thus most probably right to its northern 
limit at Haupiri (350 km). 
It is also possible that two or more ruptures occurred on different sections of the Fault, 
given the two year difference in the timing of the onset of growth suppression. For example 
one event could have ruptured from the south up to about Haast or Paringa in 1717 AD, 
with another rupture in 1718 AD from Paringa to Haupiri. 
Summary of tree-ring chronologies and the Toaroha River event: 
The tree-ring chronologies suggest that the Toaroha River event on the Alpine Fault 
occurred in 1717 AD, and that this was a continuous synchronous rupture from Haupiri in 
the north to Milford Sound in the south. However it is important to recognise the 
limitations in the present data, and therefore this should be regarded as a hypothesis 
requiring testing by future tree-ring studies. 
The main limitations in the present tree-ring data hindering clear interpretation are the 
problems of relatively few chronology sites in Westland, the very low sample of trees in 
many of the existing chronologies, and the absence of true climate-control chronologies in 
the region. 
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DISCUSSION 
Overall earthquake history: 
This study has summarised information on the history of Alpine Fault earthquakes inferred 
from five lines of evidence. Trenching provided direct evidence for two Fault ruptures 
within very broad date bands, and radiocarbon-dated lands1!del aggradation surfaces were 
consistent with this as well as suggesting an earlier third event. Episodes of regional forest 
disturbance and re-establishment could also be related to the earthquake events. Tree 
growth releases and suppressions in the Karangarua catchment, and unusual growth trends 
in crossdated tree-ring chronologies from western South Island, were then applied to this 
information. These combined indicators provide consistent and strong evidence for three 
earthquakes over the central Westland section of the Alpine Fault since about 1400 AD, 
that were most probably single rupture events. 
Nevertheless, several points are still uncertain in the present information. Specifically, four 
main areas of information require closer examination and testing. These are: (1) the extent 
of ruptures along the Alpine Fault, (2) the synchrony of ruptures along the Fault, (3) the 
reliability of the present precise tree-ring dating of the earthquakes, and (4) the possibility 
of other undetected earthquakes between the three events identified in this study. These 
four points are discussed here. 
(1) Rupture lengths along the Alpine Fault: 
Rupture events were extended south of the Hokitika catchment based on indirect forest 
indicators only. Some of this indirect evidence is very convincing, such as the clear 
episodes of massive disturbance and growth interruption in the Karangarua catchment. But 
to provide the certainty, a direct trench link is desirable. This is because strong seismic 
shaking could potentially severely impact sites a considerable distance beyond the rupture 
zone. Further trenching of the Fault between the Hokitika and Paringa Rivers is therefore 
necessary to test the conclusions of this study. The Geologist Ck event has been recognised 
only in indirect indicators, and confirmation of this event from fault trenches in central 
Westland is also desirable. 
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Sections and rupture segments of the Alpine Fault: 
Berryman et al. (1992) divided the Alpine Fault into four sections (see figure 1). The 
authors also proposed that these sections may be fault rupture segments, but noted the data 
available to make this inference were very limited. The present study provides some 
information to examine this possibility. 
The trenching work of Yetton (1998) indicates that the two most recent rupture events 
crossed the boundary between the north and central Westland sections of the Fault. The 
greater dating accuracy of the forest establishment record provides more conclusive 
evidence that the events recognised in trenches were most probably single ruptures betw~en 
sites. Forest cohorts dating from the earthquakes also cross the proposed boundary, 
confirming the conclusions of Yetton (1998). On this basis it appears that the north and 
central Westland sections of the Fault do not represent well-defined rupture segments. 
Unfortunately the forest establishment record does not extend south of Paringa, and so no 
clear assessment of the proposed boundary at Haast is possible. However the available data 
suggest that the most recent Toaroha River event extended from Haupiri to Milford as a 
single rupture. If this is correct, then a consistent rupture boundary at Haast may not apply 
either. 
However, recent fault trenching at Haast and Okuru Rivers provides some interesting 
information in regards to this (Kelvin Berryman, personal communication). Trenches at 
both locations consistently indicate three events since about 1000 AD. The 14C dating has 
very poor resolution, but best approximations for the events are 1000-1300 AD, 1300-1500 
AD, and post-1600 AD. This compares with four events on the Fault around central 
Westland since 1000 AD (Yetton et al. 1998). A different rupture history and recurrence 
interval is thus likely for the southernmost section of the Fault. The three most recent 
ruptures in central Westland have extended south to at least Karangarua, and two of these 
to at least Paringa River (figure 3.7). Any rupture boundary will be south of about Paringa, 
and Haast is therefore a possibility. 
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Given the inaccuracy of 14C dates, the best method to resolve these questions and to more 
. clearly determine Alpine Fault history in the southern segment is to extend forest 
disturbance studies into areas between Paringa River and Milford. The most valuable 
information is likely to come from a detailed reconstruction of forest and landscape 
disturbance history in a defined area near the Alpine Fault south of Haast. This would 
provide a framework for comparisons with areas north of Paringa, and for more precise 
tree-ring dating of events. The detailed reconstruction in this study in the Karangarua 
catchment demonstrates the value of this approach. 
(2) Synchrony of rupture along the Fault: 
The synchrony of rupture along the proposed rupture zones for each earthquake is still 
uncertain based on the present information. The forest age data has error-bands of about 30 
years, and consequently multiple ruptures over a few years cannot be excluded. Tree-ring 
dating at many sites along the Fault would be required to confirm that each of the 
earthquake events was caused by single ruptures along the Fault. 
(3) Precise tree-ring dating of the earthquakes: 
The present crossdated tree-ring information has limitations that hinder definite 
conclusions regarding the extent and timing of the Toaroha River event. The key 
weaknesses are the low number of trees in chronologies, and the difficulty separating 
climatic- from earthquake-induced growth anomalies. To resolve these inadequacies would 
firstly require the development of more robust chronologies from a larger number of trees. 
This would allow major growth anomalies to be more conclusively identified and dated at 
sites along the Fault. Secondly, it would be necessary to develop chronologies from a wide 
range of site conditions, altitudes and landforms over the length of the Fault. This would 
allow distinctions to be made between climatic and earthquake impacts. 
There is also a need to describe and quantify the likely nature of tree growth impacts 
caused by an Alpine Fault earthquake, and to identify sites which are most likely to record 
major growth disruptions. This could be done by studying the response of trees to historic 
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earthquakes in the western South Island (for example the 1826, 1929 and 1968 
earthquakes). This may allow predictable variations in earthquake signal in tree rings to be 
identified with changes in substrate and climate (eg Kitzberger et al. 1995). The known 
dates of earthquakes would also enable the partitioning of the influence on tree growth of 
earthquakes from that of climate. 
While tree-ring chronologies provide a means of dating earthquake events, the earthquake 
signal is often unspectacular and may not stand out prominently from climatic signals. This 
is because severely impacted trees with highly anomalous growth are likely to be excluded 
(as they do not readily crossdate or fit into the 'normal growth' series), and chronologies 
are therefore constructed from trees that are unlikely to clearly record an earthquake. This 
is demonstrated by the CRC chronology in figure 3.11, which shows no exceptional growth 
anomaly during the date-range for the Toaroha River event. A good example is also 
provided by the studies of the 1960 Chile earthquake: in many chronologies the earthquake 
impact is indistinguishable from climatic variations,and without the historical knowledge 
no earthquake event could be inferred at this date (Kitzberger et al. 1995). 
Because of this, the most useful approach for future tree-ring dating of Alpine Fault 
earthquakes may be to locate and investigate trees that are expected to have sustained 
major damage during a specific earthquake event. These would include trees on the fault 
scarp, and trees that had survived major site disturbance during the earthquake. Evidence of 
disturbance may include burial, landsliding, tree tilting or snapping, or the presence of a 
younger cohort of trees surrounding an older tree (eg Sheppard & Jacoby 1989; Wiles et al. 
1996). Major growth anomalies are more likely to be recorded in these trees, and the timing 
of events could be dated by crossmatching with regional chronologies. This approach has 
been applied to earthquake dating in several North American studies (eg Jacoby et al. 1988; 
Sheppard & Jacoby 1989; Jacoby et al. 1997; Sheppard & White 1995), and Westland is an 
ideal location to apply these methods. The key to this approach is locating sites and trees 
with major growth anomalies, for which the cause of growth disruption can be confidently 
linked to an earthquake. 
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A good example of the type of approach is provided by the matai tree on terrace K4 in the 
Karangarua catchment. This tree was about 500 years old and was growing amongst a 
cohort of trees that had established following the Crane Ck event (oldest trees up to 352 
years). It could therefore be considered likely to record the disturbance resulting from the 
earthquake in its growth. The matai tree showed a sudden suppression 375 years ago (1622 
AD) from which it never fully recovered. Given the tree's location amongst the younger 
cohort and the timing of the suppression, the growth impact can be attributed to the Crane 
Ck event. 
In the case of the matai, crossdating was not possible. However if similar impacts can be 
identified along the Fault in species amenable to crossdating, then conclusive results will 
be attained. The most likely species to achieve this are cedar (Libocedrus bidwillii), beech 
(Nothofagus species), toatoa (Phyllocladus alpinus) and silver pine (Lagarostrobus 
colensoi). 
(4) Possible undetected intermediate-age earthquakes: 
While there is conclusive evidence for the three earthquake events identified in this study, a 
more complicated history of events during this period is possible. In particular the 
possibility of other earthquakes less than about 40-50 years before each of the recognised 
events cannot yet be discounted. Such events would not be distinguishable in the broad 14C 
dates of landslides/terraces. Sites newly created during an earlier event would also most 
likely be re-activated during the later event, so no record of the earlier event would be 
preserved in forest establishment on new surfaces. The only preserved record of any such 
events would therefore be in the forest establishment history on tree-fall sites away from 
erosion (eg Saltwater Forest) and in tree-ring growth impacts in surviving trees. 
There is no real evidence in the forest record from this study to suggest other earthquake 
events. A cluster of four cohorts is evident about 1580 AD (figure 3.4), and all were on 
tree-fall sites. But the best explanation for these is storm-induced tree-fall, in the absence 
of other information. However, Craig Wright of Otago University has been looking at tree-
ring patterns in discs from 20 rimu and miro growing on the Alpine Fault scarp at Waitaha 
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River. He has defined suppressions (based on ring counting) wherever a noticeable 
. reduction in ring-width between adjacent rings was observed. His preliminary analyses 
suggest two periods when several trees show a suppression, in 1715-1725 AD and 1575-
1585 AD. Wright considers that these may record Alpine Fault earthquake events. The later 
period matches the Toaroha River event timing, but the earlier period is slightly too early 
for the Crane Ck event as dated from regional forest cohorts and tree-rings in the 
Karangarua catchment. This suggests the possibility of a separate rupture in the Waitaha 
area. 
However this evidence is presently very limited and speculative. Further accurate tree-ring 
dating using species able to be crossdated will be required to provide definitive answers to 
these questions. 
Future research opportunities: 
This study has demonstrated the value of combining several independent indicators of 
earthquake events in paleoseismic investigations of the Alpine Fault. The application of the 
forest disturbance record to the existing geological data has enabled significant advances to 
be made in understanding earthquake history since 1400 AD, and the combination of 
approaches allows for greater insight than anyone part by itself can provide. This 
combined approach provides a model that is appropriate for future paleoseismic studies on 
the Alpine Fault for the past < 1000 years, as well as for other forested landscapes in New 
Zealand. 
This study has also clearly established the critical role of forest and tree-ring data to studies 
of paleoseismicity in Westland, for the last 1000 years anyway. Without this information 
other methods can provide only the most basic inferences regarding rupture timing, 
synchrony and extent. If detailed earthquake reconstructions are to be successfully made, 
future work will need to incorporate forest and tree-ring studies as an important component 
of the research. 
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But it is in the combining of a range of approaches that the real strength lies in this study, 
and this will also be true for future studies on the Fault. The various indicators need to be 
clearly linked to one another to get maximum value. For example, trench information is 
critical because it provides unequivocal evidence for ruptures in a given date-range. All 
other indirect indicators are dependent on this to link them with certainty to the Fault. 
However, the dating resolution for trenching is so poor that.useful comparisons between 
sites are not possible. The forest and tree-ring data are therefore crucial in providing the 
refinements and resolution to the framework from direct fault analysis. 
Three key areas for continued research are suggested by this present study. 
(1) Testing of the earthquake history proposed for the central Alpine Fault between 
Haupiri and Paringa Rivers. 
This requires trenching of the Fault south of Toaroha River, to confirm the broad rupture 
history in the area. Detailed forest disturbance history studies at more locations along the 
Fault would also be very valuable in testing the proposed earthquake history. Apart from a 
few exceptions (Paringa, Karangarua, Saltwater Forest), the forest information is from 
stands scattered over a wide area, which allows for only limited inferences regarding 
disturbance history at different locations along the Fault. Studies of discrete areas in major 
catchments that included dating of terrace sequences would provide particularly useful 
information. Crossdated tree-ring information is also a priority, so that the exact timing and 
synchrony of the rupture events along the Fault can be determined. This will require 
development of tree-ring chronologies for sites, but dating of impacts on individual 
severely-disrupted trees will probably provide the most valuable information. 
(2) Extension of combined trenchingIJorest studies of Alpine Fault earthquake history into 
areas south of Paringa River and north of Ahaura River. 
The earthquake history inferred on the central Westland section of the Fault cannot be 
assumed to apply over the other sections of the Fault. The initial trenching around Haast, 
for example, suggests a different recurrence history in this southern region. More detailed 
information on earthquake history is therefore desirable in these areas. This would allow 
for better understanding of fault behaviour, segmentation, past rupture boundaries, and 
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likely magnitude of past earthquakes, which would in tum enable better assessments of 
future earthquake hazard and probability along the Alpine Fault. Detailed forest 
disturbance history reconstructions in defined areas are likely to be particularly valuable. 
(3) Studies of earthquake impacts on the landscape. 
An understanding of the impact of a large Alpine Fault earthquake on the landscape is 
important in planning for future events. Studies that reconstruct the patterns of landsliding, 
erosion, aggradation and forest toppling accompanying the most recent Alpine Fault 
earthquakes will therefore be useful. The work in the Karangarua catchment has provided 
some initial information in this respect. However future work can focus more on the major 
hazards to human activity (eg landsliding, rock avalanches, aggradation), and provide 
assessments of how the geomorphic system functions; for example, the routing of material 
through the hillslopes to channels to downstream areas, and possible lags or waves of 
aggradation in the system. 
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CONCLUDING SUMMARY 
This thesis has investigated landscape and forest disturbance history in the Westland region 
over the last 650 years, and applied this information to gain an improved understanding of 
the seismicity of the Alpine Fault. The study set out particularly to test the idea that large 
regional disturbance episodes have periodically devastated the landscape and dominated 
the disturbance history, and that these were caused by large Alpine Fault earthquake events. 
This required the reconstruction of disturbance history at both catchment and region-wide 
scales, as well as reconstruction of the timing and extent of past Alpine Fault ruptures. 
In the first section I reconstructed the disturbance history in a defined study area of the 
Karangarua catchment. The analysis in this local catchment provided a clear picture of a 
history in which erosion and forest disturbance have occurred primarily during four brief 
episodes since 1350 AD. The three most severe and widespread of these episodes were 
caused by earthquakes on the Alpine Fault. At least in this local catchment, then, a clear 
picture emerged in which erosion and forest disturbance had occurred in large catchment-
wide episodes, and primarily as a result of large Alpine Fault earthquakes. 
In Section 2, I investigated whether this disturbance history was applicable to the forests 
and landscape of the wider Westland region. This was based on dates of forest disturbance 
events from 55 forest cohorts scattered between Paringa River and Rahu Saddle. This 
investigation confirmed that forest disturbance history in Westland at a truly regional scale 
has been dominantly influenced by infrequent regionally-synchronous disturbance episodes 
accompanying Alpine Fault earthquakes. Compared with forest disturbance from other 
processes, Alpine Fault earthquake-induced tree fall and erosion appears to have 
predominated over the entire south/central Westland region, and on all land surfaces. 
Given the importance of infrequent Alpine Fault earthquakes to regional erosion and forest 
history, an understanding of earthquake recurrence and extent of ruptures was valuable in 
integrating landscape responses to causal processes. In Section 3 I therefore applied the 
information on landscape disturbance to reconstruct the seismic history of the central 
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Alpine Fault since 1350 AD. This enabled an improved understanding of the timing and 
extent of rupture events, and a more confident link between Fault ruptures and landscape 
damage across the region. 
Overall, this thesis has provided a framework in which to understand landscape and forest 
dynamics at broad spatial and temporal scales within the south/central Westland region. At 
least since 1350 AD infrequent yet catastrophic Alpine Fault earthquakes have been the 
primary force shaping the present forest and land surface mosaic across a large portion of 
the landscape. These earthquake events have been sufficiently frequent, severe and 
extensive to have maintained their dominant impact throughout the region. 
With respect to the questions the thesis sought to answer regarding landscape disturbance 
in Westland, the following conclusions can be made. They are presented in the same 
sequence as in the thesis, ie Karangaruacatchment erosion history, Westland regional 
forest disturbance, and paleoseismicity of the central Alpine Fault. 
1) The disturbance regime in the Karangarua catchment since 1350 AD has been 
characterised by infrequent high-magnitude episodes of erosion and forest disturbance, 
interspersed with long periods of only minor localised disturbance. 
2) Four episodes of catchment-wide disturbance have affected the catchment since 1400 
AD. These occurred around 1825 AD ± 5 years, 1715 AD ± 5 years, 1615 AD ± 5 years, 
and 1445 AD ± 15 years. 
3) Erosion rates are rapid in the catchment, and surfaces have short residence times. Over 
80 % of the land surface in the Karangarua study areas is younger than 650 years; just 14 % 
was in 'old growth' forest not catastrophically disturbed by erosion/sedimentation in the 
last 650 years. 
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4) The three earliest episodes (1715,1615 and 1445 AD) were caused by earthquakes on 
the central Alpine Fault. Disturbance at these times impacted all landforms and the 
episodes were also marked by successive uplifted terraces preserved in the Karangarua 
River. Up to 85 % of the erosion!sedimentation events preserved in the study area dated 
from the three Alpine Fault events. About 32-50 % of the study area was disturbed by 
erosion! sedimentation sufficiently to initiate new forest cohorts during each of the last two 
earthquakes. The most recent episode (1825 AD) was smaller-scale, affecting 10 % of the 
study area and leaving many landforms undisturbed. This episode may have been caused by 
the 1826 Fiordland earthquakes, or alternatively by severe storms. 
5) Alpine Fault earthquakes have catastrophically disturbed on average 14-20 % of the 
forest and landscape in the Karangarua study area per century since 1350 AD. Storms have 
disturbed about 3-4 % of the study area per century. Infrequent Alpine Fault earthquake 
events have therefore played a dominant role as erosive and forest disturbance agents in the 
catchment. 
6) Because of this history of episodic disturbance, many forest stands in the catchment are 
the same age. Further, because over 280 years have lapsed since the last major disturbance 
episode accompanying an Alpine Fault earthquake, many forest stands are old (250-500 
years) and there are relatively few stands established in the last two centuries. 
7) Disturbance history in conifer forests across the wider Westland region has also been 
dominated by the three Alpine Fault earthquake-caused episodes of disturbance. Compared 
with forest disturbance from other processes, earthquake-induced tree fall and erosion 
appears to have predominated over the Westland region between at least Paringa and 
Taramakau Rivers, and on all land surfaces. 
8) This history of catastrophic earthquake events can explain the long-observed regional 
conifer forest pattern in Westland, of a predominance of similar-sized stands of trees and a 
relative lack of small-sized (young) stands. The predominance of similar-sized stands is a 
consequence of synchronous disturbance and forest re-establishment accompanying the 
infrequent Alpine Fault earthquakes. The dominance of mature (old) stands of trees and 
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relative lack of young small-sized stands is explained by the long lapsed time since the last 
Alpine Fault earthquake (c. 280 years). 
9) Many of the mature ratalkamahi stands in Westland were probably initiated 
synchronously during the last Alpine Fault earthquake in the early 1700' s. This may be an 
important factor predisposing many stands to the possum-triggered dieback observed this 
century. 
10) Four independent lines of evidence were combined to investigate the timing of the 
three Alpine Fault ruptures in central and south Westland since 1350 AD (fault trenches, 
radiocarbon-dated terraces and landslides, forest cohorts, and tree-ring growth disruptio~s). 
These provided a consistent record and allowed a progressive refinement in the estimates 
of dates of the ruptures to 1715 AD ± 5 years, 1615 AD ± 5 years, and 1445 AD ± 15 years. 
11) All three rupture events extended along the Alpine Fault from at least the Karangarua 
to Hokitika Rivers (over 200 km), and most likely from at least the Paringa to Taramakau 
Rivers. There was clear evidence for all three ruptures having occurred at four locations 
along this length of fault: Karangarua, Whataroa, Wanganui and Hokitika Rivers. The 
ruptures were most probably single events along the Fault, although the error-bands in the 
forest age data cannot exclude multiple ruptures a few years apart. 
12) Synchronous suppressions in cross dated tree-ring chronologies from the western South 
Island suggest that the most recent rupture occurred in 1717 AD, and extended as a single 
rupture from the Haupiri River to Milford, a distance along the Alpine Fault of 375 km. 
13) Uplifted terraces in the Karangarua River, dated by forest establishment, suggest an 
uplift rate just east of the Alpine Fault of about 12 ± 2 mm/year. 
14) An irregular recurrence interval for Alpine Fault earthquakes is indicated since 1350 
AD. Intervals have varied from 100 ± 10 years to about 280 years (the lapsed time since the 
most recent event). 
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